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by 
GEORGE J. RAE 
SUMMARY 
This thesis describes an investigation into the 
acoustic phenomenon in in-line tubular heat exchangers 
subjected to cross flow. The flow through such a heat 
exchanger can result in the production of very high 
noise levels, which occur as a result of the 
excitation of an acoustic standing wave in the cavity 
between the tube rows. This acoustic vibration can 
occur in large and small heat exchangers alike, 
resulting in drastically impared performance and 
working life. 
The phenomenon associated with such vibration is 
poorly understood and considerable anomalies still 
exist in published literature. There are several 
theories which attempt to describe this mechanism, 
however, none of these can satisfactorily account for 
its complex nature. 
The objective of the present work was to carry 
out an investigation to assess this acoustic 
phenomenon. The initial stages of this work produced 
an experimental rig to allow the phenomenon to be fully investigated, this included the examination of 
the effect of row depth and bank geometry on the 
acoustic resonance. The next step was to determine the 
role played by acoustic damping. This included making 
measurements of the damping under flow conditions and 
establishing its dependancy on velocity. A method of 
increasing the acoustic damping of a given bank was 
developed and incorporated in a tube bank. The results 
obtained from these experiments revealed that the 
acoustic system behaved in a manner which was 
consistent with that of a self excited system. 
Finally an appropriate mathematical model of the 
system was developed. The model,, which considers an 
acoustic feedback effect, was found to give quite an 
accurate representation of the system, and has the 
ability to account for all the observations made in 
this investiagation. This, together with the 
experimental results, enabled a series of guidelines 
to be presented as a basis for the design of such a 
tube bank. 
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1. INTRODUCTION 
Flow induced acoustic resonances can occur in a 
multitude of different heat exchangers, ranging from 
large nuclear heat exchangers to small process shell 
and tube heat exchangers. Basically these heat 
exchangers all consists of tubes which convey a "tube 
side fluid" and a shell which encases the tubes and a 
"shell side fluid". The transfer of heat occuring 
between the two fluids via the tube walls. 
The acoustic resonance in such a heat exchanger 
is usually only encountered when the shell side f luid 
is a single phase gas. The resonance when excited is 
established within the tube bundle in a direction 
perpendicular to the f low and the tube axis, as shown 
in figure 1.1. The mode of vibration usually associated 
with this phenomena is one of the transverse modes. The 
sound produced by this resonance is practically a pure 
tone and has been reported to be as high as 165 dB (re 
2x 10-5 Nm -2) . Such intense sound levels in a heat 
exchanger will not only disturb the operating 
conditions, but can vibrate the whole heat exchanger 
structure causing tube and shell failures. 
It has long been recognised that these resonances 
could be excited in heat exchanger tube - bundles, a 
problem, which has become more evident as design trends 
have changed towards more compact units (smaller tube 
spacings)/ 
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spacings)with higher shell side velocities. There is 
however still a basic shortage or reliable data and 
satisfactory methods for predicting resonance 
conditions. Classically it is assumed that the resonance 
is excited when the vortex shedding frequency and the 
acoustic frequency become coincidental. Many 
experimenters however have found this method to be 
totally unreliable. In a paper by Roger and Penterson 
(ref. R2) it is stated that, in the case of boilers, 
even though the vortex shedding frequency may match a 
transverse acoustic frequency, a standing wave develops 
in less than 5% of the cases of indicated resonance. The 
unreliability of this method has led to the development 
of several other theories explaining the existence of 
the resonance. One of the more novel ideas was presented 
by Cohen and Deane (ref. C10) who investigated the 
acoustic resonance phenomena in public utility power 
boilers, and noted, that with the trend towards larger 
units an increase of standing wave vibration had 
occurred. They concluded that, calculating resonance 
conditions by using vortex shedding frequency formulaes 
was not a dependable method,, and suggested a minimum 
duct width of 22 ft for resonance to occur. The relevant 
theories associated with this phenomenon will be 
discussed in more detail in the literature survey. 
This work was initiated so that the excitiation 
mechanism might be identified and the relevance of an 
alternative / 
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alternative approach suggested by Bryce and Murray (ref. 
B15) established. 
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FIGURE 1.1 
2. LITERATURE SURVEY 
2.1 INTRODUCTION 
The occurence of flow induced vibration in heat 
exchangers is now a widely documented phenomenon. 
Nevertheless, it is still the second most common cause 
of heat exchanger failure, corrosion being the most 
common (ref. B12). Heat exchanger failure, in 
industrial units, caused by flow induced vibration 
usually results from a flow over the tubes (shell side 
f low) rather than a flow through the tubes (tube side 
flow). 
In this review of literature the mechanisms 
associated with flow induced vibrations will be 
divided into two different, but not necessarily 
unrelated categories , of acoustic vibration and tube 
vibration. The topic of tube vibration shall be 
discussed initially followed by a review of the 
various different theories associated with the 
excitation of acoustic vibration. Several theories 
exist which describe the nature of each of these 
phenomena, the more relevant of these will be 
discussed. 
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2.2 TUBE VIBRATION 
2.2.1. VORTEX SHEDDING 
The nature of the flow about a cylinder 
subjected to a cross flow of fluid is largely 
determined by the Reynolds number based on the 
cylinder diameter. When this parameter is sufficiently 
small (Re < 1) the f low is steady and the streamlines 
can be calculated using potential flow theory. 
As the Reynolds number is increased a pair of 
fixed vortices will form directly behind the cylinder 
(see fig. 2.1 (b) ). A further increase will result in 
the wake becoming unstable and beginning to oscillate. 
These oscillations will appear at some point 
downstream of the cylinder and move upstream with 
increasing Reynolds number. When the oscillations 
reach the cylinder this will result in the f ixed 
vortices breaking away and moving downstream in a 
staggered array, this is know as the Von Karman vortex 
street and is illustrated in fig. 2.1 (d) . Initially 
this vortex street will be laminar until a Renolds 
number of approximately 150 is reached, beyond which, 
the vortices will become turbulent (fig. 2.1 (e)). In 
the range 300< Re < 1.3 X 105, which is known as the 
sub critical regime, the frequency of vortex shedding 
continues to increase in direct proportion to the 
velocity, when a Reynolds number of approximately 1.3 
x 105 is reached the transition from laminar to 
turbulent/ 
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turbulent boundary layer will occur. At this point 
the flow separation points move downstream, the vortex 
shedding becomes disorganised and the drag coefficient 
drops sharply. The start of the transition from 
laminar to turbulent boundary layer may be f ound to 
occur anywhere in the region 1.0 x 105 < Re < 3.5 x 
105, depending on free stream turbulence and surface 
roughness. Relatively few experimenters have 
investigated the supercritical region, but those who 
have (ref. R3) report that once the turbulent boundary 
layer is fully established (Re = 3.5 x 106) the vortex 
street is found to reappear. 
The vortex shedding phenomena is characterised 
by a non-dimensional parameter known as the Strouhal 
number, S, which is named after the author of the 
first paper on vortex induced oscillations. 
The Strouhal number is defined as 
S= fv. d 
U 
The well established value of Strouhal number for a 
single cylinder, subjected to a cross flow fluid, is 
0.2 for a sub critical Reynolds number. Figure 2.2 
illustrates the Reynolds number effect on Strouhal 
number, f or a single cylinder, and this shows S to be 
constant in the range 102 < Re < 105 (ref. C14). 
When a vortex is shed from a cylinder, the f low 
pattern around the cylinder becomes unsymmetrical, 
giving rise to an aerodynamic lift force. There also 
exists / 
7 
exists a fluctuating drag force, the frequency of which 
is twice that associated with the fluctuation lift 
force. This is because, in the lift direction, one cycle 
is the interval between two vortices shed consecutively 
f rom. the same side of the tube (during that interval a 
vortex has been shed from the other side of the tube) . 
In the drag direction a cycle is the interval between 
each vortex shed, irrespective of the tube side, 
therefore the force occurs at twice the frequency. 
However the fluctuating drag force is an order of 
magnitude smaller than the lift force. 
Consider a cylinder suspended in a fluid and the 
fluid flow velocity, perpendicular to the cylinder axis, 
is increased. When the vortex shedding frequency 
approaches the natural frequency of the cylinder, the 
vortex shedding frequency becomes motion dependent, and 
'locks in' to the frequency of vibration. Bishop and 
Hassan (ref. B20) found that the total alternating 
transverse force was greater for an oscillating cylinder 
than for the same cylinder rigidly mounted. Similarly 
Toebes (ref. T1) noted that the spanwise correlation of 
the wake increased for an oscillating cylinder. Thus the 
'lock in' phenomena is a feedback mechanism by which the 
tube motion can lock the vortex shedding frequency to 
the frequency of motion, and increase the force causing 
that motion. The velocity range over which vibration 
will occur as a result of this phenomena, is dependent 
on/ 
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on the tubes damping and mass parameter. These two 
non-dimensional numbers are often brought together to 
form a non-dimensional damping parameter which is equal 
to Mt 6 As this parameter is reduced in magnitude, 
p d' 
the velocity range over which instability will occur is 
increased. If however this parameter is sufficiently 
high it will prevent vortex induced oscillation 
altogether (ref. D3). Fitz-Hugh (ref. Fl) states that, 
for practical cases, vibration will almost certainly 
occur if ft =fv± 20%. 
As the amplitude of cylinder vibration increases, 
beyond approximately 0.5 d the symmetric pattern of 
vortex shedding begins to break up, and when the 
amplitude increases beyond 1.0 d the lift coefficient 
decreases to zero (ref. B11). This implies that vortex 
induced vibration of a cylinder has a self limitating 
amplitude of approximately 1.0 d. 
In an array of cylinders vortex shedding may be 
characterised by a Strouhal Number in much the same way 
as an isolated cylinder. Usually, however, this 
Strouhal number is based on the flow velocity at the 
minimum gap between the tubes. The Strouhal number, 
defined in this way, is found to vary with array 
geometry. 
The correlations of Fitz-Hugh and Chen are 
probably the most widely used for design purposes and 
these are illustrated in figures 2.3 and 2.4 
respectively. / 
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respectively. Figure 2.3 (a) is the correlation for 
in-line tube bank geometries and 2.3 (b) is for 
staggered geometries. The X and Y axis of these 
correlations represent longitudinal and transverse 
pitch/diameter ratios, and the areas of differing 
Strouhal number are marked by the contours. The 
correlations in figure 2.4 (a) and 2.4 (b) are again 
for in-line and staggered bank geometries. The X and Y 
axes in these correlations represent transverse tube 
pitch diameter ratio and Strouhal number respectively. 
The lines on these correlations indicate geometries of 
constant longitudinal tube pitch diameter ratio. 
Comparison of the correlations of Chen and Fitz-Hugh 
shows that several contradictions exist. Also in the 
complex maps of figure 2.3 (a) a high proportion of the 
points do not conform to the Strouhal number zones in 
which they lie. In the case of the in-line tube bank 
arrangements, both of the correlations are largely 
based on the same data. The differences between the 
correlations at small tube pitch diameter ratios is 
largely due to the extrapolation to a zero Strouhal 
number at 
1+- 1=1.0 which was made by Chen. If 
recent data is introduced to the staggered correlations 
it is generally found to be in good argeement with 
existing data (ref. H1). A study of staggered banks by 
Baulay (ref. B6) however, does suggest that these 
correlations fail at small tube pitch to diameter 
ratios. In the case of the in-line correlations 
however, / 
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however, recent data bears no simple relationship to 
the existing points. Some typical examples of such work 
shall now be examined. 
A study of both in-line and staggered arrays was 
reported by Baylac et al (ref. B7). For staggered 
arrays only two geometries, of large pitch ratio, were 
considered. In these banks the peak in the velocity 
power spectrum was found to increase continuously with 
velocity, until the acoustic frequency was reached. For 
the case of one of their staggered arrays (XT =XL= 
3.02) they reported the existance of a second peak in 
the power spectrum which was only visible in the first 
four rows of their nine row bank. They concluded that 
for this bank two Strouhal numbers existed 
corresponding to the two frequencies, and the lower of 
the two, gave good agreement with the results of Chen. 
For the case of in-line bank arrangements they studied 
six different geometries and reported a need to split 
in-line geometries into two groups, that of large 
longitudinal pitch diameter ratios (X L> 2) and that of 
small longitudinal spacings (XL < 2). For arrangements 
of large longitudinal spacing their results exhibited 
only one peak in the power spectrum with a 
corresponding Strouhal number which was in good 
agreement with that of Chen. In the case of two of 
their arrangements (XT = XL '= 2 and XT ý__ XL = 2.12) they 
observed a large shift in Strouhal number from 
approximately / 
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approximately 0.17 to 0.25 at the onset of acoustic 
resonance, and they concluded that this was due to the 
"lock-in" phenomena. In the case of banks with small 
longitudinal spacings they studied two arrangements 
that of 'ý XL "2 1.51 and X 3.02, X 1.5. For the XT "T=L= 
larger of these they reported a difficulty in defining 
a precise Strouhal number since the peak in the 
spectrum was wide. In the smaller bank two peaks were 
observed whose frequency increased linearlyý with 
velocity. The acoustic resonance was excited when the 
higher of the two reached the acoustic frequency. None 
of the results for smaller longitudinal spacings bore 
any resemblance to those predicted by Chen. In an 
examination of the cross correlation coefficient behind 
a tube they found that the transverse pitch ratio was 
the controlling parameter of the degree of correlation. 
As the transverse pitch ratio was decreased they found 
the correlation length to increase. They concluded that 
while transverse pitch ratio seemed to be the 
controlling parameter for the degree of correlation, 
the longitudinal pitch ratio had the predominant effect 
-on the Strouhal number. 
A paper by Batham (ref. B4) reported an 
investigation of the pressure distribution on tubes in 
in-line arrays subjected to cross flow. He found, in 
the bank with a square pitch/diameter ratio of 2.01 the 
flow was essentially two dimensional with two apparent 
peaks / 
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peaks in the pressure spectrum. These peaks were found 
to be dependant on angular displacement around the tube 
and he suggested that the peak corresponding to the 
lower Strouhal number was due to periodic oscillation 
of the reattaching shear layer, while the higher 
Strouhal number was due to vortex shedding. He noted 
that the Strouhal numbers obtained, showed poor 
agreement with those given by Chen, which were 30% 
larger. The spectrum of noise measured upstream of the 
bank revealed Strouhal numbers twice that of the vortex 
shedding wake, Batham therefore concluded that the 
noise was generated by the fluctuating drag excitation. 
In the 1.25 square pitch diameter ratio bank he 
observed a highly three dimensional flow, with no 
apparent peak corresponding to vortex shedding. However 
a narrow bandwidth peak corresponding to an acoustic 
instability was present. He noted that the pressure 
distribution around the tubes was very sensitive to 
movements of upstream tubes and suggested that 
instability in such a bank could be caused by a Coanda 
switching mechanism. 
Although in the preceeding discussion the 
experimenters have generally compared their data to 
that of Chen, it should be added that the Strouhal 
number for closely packed banks do not agree with the 
Fitz-Hugh correlation either. There is also general 
agreement that in very closely packed banks the 
distinct / 
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distinct peak corresponding to vortex shedding breaks 
down into broadband turbulence making the Strouhal 
number virtually impossible to define by indirect 
methods (ref. B1, B41 B11, B12, H1). 
The discrepancies mentioned previously are too 
large to be explained by experimental error or Reynolds 
number effects. There does however seem to be an 
explanation for these descrepancies and this is 
discussed below. 
In a study by Bai (ref. Bl) he reported 
measurements in both in-line and staggered geometries. 
In the closely packed in-line banks, he noted that the 
peak in the turbulence spectrum did not coincide with 
the cavity frequency at onset of acoustic resonance 
and, the measured Strouhal number did not agree with 
the Chen correlation. In less. densely packed banks Bai 
noted that the vortex frequency was equal to the cavity 
frequency at the onset of resonance and the measured 
Strouhal numbers agreed reasonably well with that of 
Chen. Similarily with the staggered bank geometries the 
Chen correlation was in good agreement. 
In a paper by Bryce and Murray (ref. B15), 
measurements taken from a model of a cross inclined 
heat exchanger are reported. The results of figure 2.5 
were obtained when the bank contained a few isolated 
tubes with carefully controlled natural frequencies and 
damping. When the bank was exposed to a high density 
gas / 
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gas flow, (25kg /M3 typically) significant amplitudes of 
tube vibration were encountered when the vortex 
shedding frequency, as determined by hot wire 
anemometry, was in the vicinity of the tube natural 
frequency. That is the Strouhal number obtained by 
turbulence spectra and that derived from tube vibration 
measurements were the same. By contrast figure 2.6 
shows some data r6lating to the onset of acoustic 
resonance in a test bank geometrically identical to 
that of fig. 2.5. The vortex shedding frequency 
(measured by hot wire anemometry) at the point of onset 
of acoustic resonance and the frequency of the acoustic 
resonance (measured by microphone downstream of the 
test section) were determined as the number of tube 
rows in the bank was varied. As can be seen this ratio 
varies from around 0.8 down to 0.4, thus showing no 
simple relationship between the vortex shedding 
frequency and the acoustic frequency at the point of 
onset of acoustic instability. They also presented 
results in which the method of f ixing the tubes to the 
tube plates was altered, and these are illustrated in 
fig. 2.7. One can see from the results that when the 
tubes were wedged in place the f irst mode was not 
excited, and the onset velocity for the second and 
third modes is slightly higher than that for the welded 
tube ends. The Strouhal number as determined by hot 
wire anemometry is the same in both cases. 
Fitzpatrick / 
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Fitzpatrick (ref. F2) reported on an 
investigation of the acoustic resonance phenomena 
within four in-line tube banks of various different 
gecmetries. Figure 2.8 shows the results he found if the 
bank depth was varied. As can be seen the effect of 
increasing bank depth can vary the acoustic Strouhal 
number quite considerably. He also observed peaks in 
the turbulence spectrum which varied linearly with 
velocity, but bore no simple relationship to the cavity 
frequency at the onset of acoustic resonance. 
Murray (ref. M4) argued that the occurence, of 
acoustic resonances in heat exchanger banks, is not a 
reliable means of determining Strouhal numbers. Also, 
if acoustic resonance data is ignored, a more orderly 
correlation of Strouhal number, as a function of 
geometry, appeared to exist, although data was sparse. 
A Fitz-Hugh type correlation for in-line tube banks was 
presented, in which all data pertaining to acoustic 
resonances had been removed, and more recent tube 
vibration data had been included. This correlation is 
shown in f igure 2.9 and a more orderly pattern can be 
seen to have emerged. Two points should be made 
regarding this data. Firstly, the data of Funakawa 
(ref. F5) reported Strouhal numbers based on the 
approached velocity, rather than the velocity between 
the tubes as used here. Accordingly, the appropriate 
geometrical factor had been applied to bring all data 
to / 
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to a common basis. Secondly the data of Clasen and 
Gregorig (ref. C8) had to be altered. This data was 
more difficult to convert to a consistent basis, since 
they presented their data as Strouhal numbers based on 
the velocity at onset of tube vibration, rather than 
the velocity for peak response as is now more common. 
In an attempt to correct this, their Strouhal numbers 
have been decreased by 20% in each case. While this 
does aid comparison, it is certainly not precise, and 
some inconsistency in the comparison of their data with 
others may therefore be expected. However, in the case 
of two of their geometries (data points underlined) the 
original velocity/amplitude plots were available, and 
the Strouhal numbers, based on the peak response 
conditions, have been derived. In certain array 
geometries there is some evidence of the existance of 
two different excitation frequencies. This is 
particularly clear in the work ;f Clasen and Gregorig 
(ref. C8) and Funakawa (ref. F5), who looked at banks 
with large transverse/small longitudinal pitch 
geometries. While further work is certainly required to 
clarify this, it would appear that the higher of these 
frequencies relates to a somewhat *lower level of 
excitation. 
Finally we may conclude that, the occurence of 
acoustic resonance in heat exchanger banks is not 
predicted reliably by the use of a single Strouhal 
number / 
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number for a given bank geometry. Correspondingly, 
much of the disorder in Strouhal number correlations 
results from the inclusion of data derived from 
acoustic resonances. 
0 
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2.2.2 TURBULENT BUFFETING 
Vibration induced by turbulent f low is perhaps 
the most common form of flow induced vibration 
experienced in every day life, for example gusts of 
wind swaying trees and rattling windows etc. 
A structure which is placed in a flow retards the 
flow over its surface and some of the momentum of the 
flow is converted to pressure on that surface. Most 
practical flows are turbulent in nature, and in such a 
flow there exist many oscillatory components spread 
over a broad range of frequencies. Deterministic 
analysis for each oscillatory component would prove 
very tedious, therefore it is more practical to treat 
the flow statistically and deal with time averaged 
quantities. The theory of random vibrations provides 
the techniques for proceeding with this statistical 
approach, and is more fully described in ref. B11. 
The response of a structure subjected to a random 
excitation can be considered in three parts, that of 
the non-resonant or buffeting response, the mean 
response and the resonant response. The mean response 
is the average displacement of the structure produced 
by the mean flow during the test interval, and is 
represented by section A in figure 2.10. The 
non-resonant response is the vibration at frequencies 
well removed from the natural frequency of the 
structure, while the resonant response is the vibration 
of/ 
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of the structure near the natural frequency (sections B 
&C respectively in fig. 2.10). 
if the power spectrum of the velocity 
fluctuations, in which the body is placed, is 
approximately of a constant magnitude (as in a normal 
turbulent flow, see fig. 2.11a) then, for a lightly 
damped structure, most of the response will lie in the 
vicinity of the resonant peak, as shown in fig. 2.11c. 
If however, the flow contains stronger frequency 
components which are well removed from the natural 
frequency of the structure, fig. 2.11b, this will 
produce significant non-resonant buffeting of the 
structure. 
A structure exposed to turbulence will respond in 
a manner similar to that illustrated in fig. 2.11c, 
this shows the response to have a bandwidth which is 
dependent on the structural damping. The time series of 
such vibration is illustrated in fig. 2.12 and this 
shows the response to be modulated. This modulation, or 
beating, is produced by the interaction of the 
components of turbulence with the frequencies within 
the resonant bandwidth of the structure. Vibration due 
to this excitation can occur at all flow velocities, 
although the time averaged amplitudes are usually low 
at low velocities and can be expected to increase with 
velocity. 
As mentioned previously the theory of random 
vibrations / 
29 
vibrations provides the techniques for predicting these 
vibration levels. This theory assumes that the f luid 
pressures are independant of the motion of the 
structure, and the f luid pressures are stationary in 
the sense that averages made over many cycles are 
independant of the start of averaging. The first 
assumption precludes the analysis of structures which 
are f luid dynamically unstable or experiencing vortex 
induced vibrations. 
If the turbulence properties are known at one 
point on a structure, then they can be predicted for 
another point, although the accuracy of the prediction 
generally decreases with increasing separation of the 
two points. The spatial dependance of the fluctuating 
pressures along the structure is given by the 
correlation function, which gives an indication of the 
magnitude of the turbulent eddies. The area under the 
correlation function is defined as the correlation 
length. Now if the correlation function is integrated 
over the structural mode shape of interest, then the 
joint acceptance is obtained. The joint acceptance is a 
-measure of the efficiency of the pressure forces to 
excite a mode of vibration. For example, if the 
correlation length is much greater than the structural 
tube length, then the oscillating pressure forces will 
act in phase along the length of the tube. A driving 
force which is uniform along the length of the 
structure / 
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structure cannot excite the even sinusoidal modes, 
(m = 2,4,6 ...... ) and only the odd modes will be 
excited. Hence the value of the joint acceptance, for 
the even modes, will be zero. Alternatively if the 
correlation length is small compared with the 
structural dimensions, as is often the case with 
turbulence, then the response will become independant 
of the details of *the correlation function and mode 
shape. (ref. B11) In this situation,, the joint 
acceptance becomes proportional to the ratio of the 
correlation length to structural length. 
With knowledge of the joint acceptance and the 
power spectrum of the turbulence, the power spectrum of 
the generalized force can be assembled, and hence the 
power spectrum of the response can be determined. Once 
this has been determined it only remains to integrate 
the response over the required frequency range to 
obtain the mean square response. This method of 
predi ction does have its downfalls, as accurate 
estimates of the power spectrum of the turbulence and 
joint acceptances are rarely available. 
For the case of a tightly packed bank of tubes, 
the turbulent intensity will rise rapidly as the flow 
enters the tube array, until it reaches a steady state 
level. In such an array the vortex shedding peak will 
be very broad unlike the characteristic peak for a 
single cylinder. Hence for the purposes of random 
vibration / 
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vibration analysis the turbulence is often estimated as 
being a broad humped response with the peak 
corresponding to the vortex shedding frequency. (ref. 
B11). 
Finally if a structure is placed in the disturbed 
wake of some other object, then resonant and/or 
non-resonant response can be obtained, for instance,, 
the vortex street shed from one object (which may be 
quite stable) can interact with a second downstream 
object to produce considerable vibration. 
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2.2.3 FLUIDELASTIC-INSTABILITY 
The most familiar examples of fluidelastic 
vibrations are perhaps those of aircraft wing flutter 
and the galloping of transmission lines which have 
become iced. These examples involve single bodies 
which are isolated in a uniform flow field, and 
excitation is due to variations in lift force as the 
direction of incidence of the flow changes. Since the 
change in angle of incidence is due to the vibratory 
motion of the body then these oscillations are of a 
self excited nature. However the cross section of a 
cylinder rules out such excitation for a single tube, 
because a change in angle of incidence will not result 
in a change of lift coefficient. 
In an array of tubes the situation is somewhat 
different and fluidelastic vibration is possible. The 
displacement of one tube in an array, from its 
equilibrium position, alters the flow field, thus 
upsetting the force balance on its neighbouring tubes, 
and inturn causes them to change their positions. This 
results in vibration of the tubes, and if, during one 
cycle of vibration, the energy extracted from the 
fluid is greater than the energy dissipated by damping, 
then a fluidelastic vibration will be established. 
This mechanism is characterised by a critical 
velocity, below which the tube is stable, and above 
which unstable vibration occurs (With tubes vibrating 
in/ 
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in orbital patterns). The critical velocity is 
determined by the following equation: 
umKV mt 6 
ftdpd2 
Where K is a constant with a value of 9.9 (ref. Cl) for 
a single row of tubes and 3.3 for tube banks (ref. P5, 
z3). 
This vibration mechanism has received a great 
deal of attention in recent years, this probably being 
due to its particular application to Pressurized Water 
Reactor design, and fairly clear guidelines now exist 
(ref. P5). The reason for this phenomenon being of 
particular interest in PWR design is due to the fact 
that the tubes in heat exchangers with such high 
density flows do not experience vortex excited 
instability prior to the onset of fluidelastic 
vibrations. This is perhaps more easily explained by 
figures 2.13 and 2.14. Figure 2.13 shows the results of 
experiments conducted using several vibrating tubes of 
different mass parameter (ref. M4). These results are 
shown in the form of an amplitude against reduced 
velocity plot. The tubes were individually inserted -in 
the middle row of the third column in an array having a 
longitudinal and transverse pitch of two tube 
diameters. It can be seen from figure 2.13 that, as the 
mass parameter is varied, the reduced velocity at which 
fluidelastic/ 
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fluidelastic instability occurs, moves from below that 
at which vortex excitation occurs to well above. As can 
be seen from this diagram these tests produced a well 
defined vortex shedding peak response at a constant 
value of reduced velocity. Figure 2.14 (ref. H3) 
illustrates the conceptial boundaries for tube 
vibration due to fluidelastic instability and vortex 
shedding excitation, and an estimate of the sort of 
flows for which they would be applicable is drawn. As 
can be seen the high density flows will experience 
fluidelastic instability before the vortex shedding 
frequency reaches the tube natural frequency. Lower 
density flows however, experience vortex shedding 
excitation prior to the onset of fluidelastic 
instability. 
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2.2.4. THE JET SWITCH MECHANISM 
Several experimenters have observed that, in 
closely packed tube arrays, tube vibration in a 
direction parallel to the f low may be induced by a 
Coanda switching mechanism. Roberts (ref. R1) has shown 
that in tube arrays where the tube to tube spacing is 
less than XT = 2.2,, then the jets issuing between these 
closely packed cylinders couple in pairs, and changes 
in tube position cause the jets to switch and produce 
cylinder oscillation. Since the drag force on a 
cylinder will change significantly as the jets switch, 
then this can input energy into the cylinder vibration. 
However jet switching has only been observed for 
reduced velocities in the order of 100 and, due to the 
finite time required for the jet switching to occur, it 
is not expected at reduced velocities below 75 and, is 
not expected to affect staggered or irregular tube 
arrays. 
In a paper by Connors (ref. C11) he reported 
that, due to the highly specialized set of 
circumstances which were required for the jet switch 
mechanism to occur, it was of secondary importance in 
the self excited vibration of tube arrays. 
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2.3 ACOUSTIC VIBRATION 
VORTEX SHEDDING 
Classically it is assumed that the acoustic 
resonance within heat exchanger tube banks is excited by 
vortex shedding. This can occur when the frequency of 
vortex shedding is near one of the natural frequencies 
of the duct containing the tubes. The vortex shedding 
will then 'lock-in' to the gas column frequency, with 
the resultant excitation of an acoustic resonance. 
This theory has been used quite extensively for 
predicting the vortex shedding frequencies, and 
therefore obtaining the Strouhal number, however as 
explained in section 2.2.1 this method of reasoning 
cannot satisfactorily account for the observed 
phenomenon. 
Despite the large discrepancies which have been 
noted in using this method of prediction, it still 
remains the most widely accepted explanation of the 
mechanism responsible for acoustic resonance. 
Many experimenters have noted that the lower modes 
of ýacoustic vibration are not always excited. This has 
led them to propose a damping criterion which predicts 
the modes of vibration that are likely to be critically 
damped, and therefore fail to appear. Perhaps the best 
known of these theories are those of Grotz and Arnold 
(ref. G7) and that of Chen (ref. C3). The damping 
parameter/ 
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parameter developed by Grotz and Arnold describes the 
slenderness of the resonance chamber, and is described 
in more detail in section 2.3.2. The damping parameter 
developed by Chen is as follows: 
T= Re (XL -1)1 
sxL XT 
It is stated by Chen (ref. C3) that if the value of 
T does not exceed 600 then the sonic vibration will be 
critically damped. However in a later paper by Chen 
(ref. C7), the damping factor was reassessed for 
application in real heat exchanger units, and the value 
of T was increased to 2,000. In this paper he states 
that the critical value of 600 can only be applied in 
ideal situations, where a smooth velocity distribution 
exists. In the case of a practical boiler unit however, 
the flow distribution is generally non uniform, and this 
has a tendancy to prevent the formation of regularvortex 
streets, which Chen considers a prerequisite for 
acoustic vibration. He therefore concludes that a non 
uniform flow distribution introduces an additional 
damping in the flow. Therefore the higher value of 
damping factor must be used. 
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2.3.2. GROW AND ARNOLD 
SELF EXCITED VIBRATION THEORY 
In a report by Grotz and Arnold (ref. G7), in 
which they investigated the flow induced vibration 
phenomena, it was suggested that acoustic resonances 
in heat exchangers were of a self excited nature. From 
their experimental results they concluded, that due to 
the large variations in Acoustic Strouhal number, and 
its dependence on geometry, vortex shedding was not the 
mechanism responsible for the resonance. They then 
described the existence of another mechanism which 
may be described in the following manner. It is assumed 
the motion of a particle as it passes between two tube 
rows is as illustrated in figure 2.15. The flow is 
accelerated and decelerated as it passes through the 
tube rows. Due to the large positive pressure 
gradient as it passes through the diffuser section of a 
tube'row, this will cause the flow to separate from the 
wall of one tube, thus forming a vortex, and to closely 
follow the wall of the adjacent tube. The flow will 
then continue until it is directed by the next tube row 
and, the formation of the vortices in this row. Thus 
the flow follows the undulating path illustrated in 
figure 2.15. (Note the vortex shedding throughout the 
bank is assumed to be in phase). Following this 
reasoning they formed an equation relating the 
frequency/ 
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frequency of these undulations, with the velocity and 
longitudinal tube pitch of the bank. This is as 
follows: 
u 
m 2.0 
f1 
When the frequency of these undulations coincides with 
the natural frequency of the resonant chamber between 
the tube rows, then a larger f low vibration at that 
frequency will follow. This will tend to enhance the 
vortex shedding at that frequency. 
During their tests they found that in some cases 
the lower modes of vibration did not appear, they 
concluded that there must exist a value of damping 
which, if exceeded, then the fundamental frequency of 
the resonant chamber would not be excited. From this 
observation they defined a damping parameter, T, which' 
they named the slenderness ratio, and is defined as 
follows: 
T=L 
ma 
This parameter describes the slenderness of the 
resonant chamber, and from their results they 
concluded, that if T/m exceeds 80 then, the mode will 
not be excited. 
Finally they stated that, the forcing function or 
disturbances/ 
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disturbances which excite and sustain the acoustic 
vibration is itself dependent on the oscillations, so 
the acoustic vibrations are self excited, and self 
sustained. 
From the theory put forward by Grotz and Arnold, 
it may - be deduced that the frequency of these 
undulations will be of the same frequency as the vortex 
shedding, because during one cycle of these undulations 
two distinct vortices will have been shed from that 
tube. Thus Grotz and Arnold's theory should predict the 
same Acoustic Strouhal number as the classical model, 
in which the vortex shedding coincides with the 
acoustic resonance frequency.. Following the same 
reasoning this model should be able to predict the 
vortex shedding frequency for a given bank geometry. 
However a more complex relationship between vortex 
shedding and geometry seems to exist. 
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2.3.3. OWEN'S BUFFETING THEORY 
Essentially the theory presented by Owen (ref. 01) 
is a method of explaining the existance of tube 
vibration and acoustic resonances by the action of 
turbulent eddies. The argument put forward in his paper 
is as follows. The turbulent energy of the flow is 
increased at each r9w of tubes, and some of this energy 
is dissipated by viscosity as it travels between tube 
rows. It is inconceivable that the turbulent energy 
could increase without limit, go, at some point 
sufficiently far from the point of entry to the tube 
bank, the rate of energy generation must become equal 
to the rate of energy dissipation. At this point the 
flow will have acquired an almost complete randomness 
with regard to space and time, and may now be described 
as turbulent. The fluid now flows through the bank with 
turbulent energy being generated and dissipated with a 
periodicity equal to the longitudinal pitch of the 
bank. This leads to the supposition that the flow 
will contain energetic eddies which will have a 
physical scale similar to that of the longitudinal 
pitch of the bank. 
Owen then develops an equation relating the rate 
of energy generation to energy dissipation, and uses 
this to show that the eddies should be of a size 
similar to the longitudinal pitch. Furthermore since 
these eddies travel downstream with the mean velocity a 
corresponding/ 
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corresponding peak in the turbulence spectrum will 
exist, which will increase in frequency as the velocity 
is increased. 
Owen then goes on to explain why the tube 
response is so sharp by concluding that the tube will 
be aerodynamically selective, and will respond to that 
group of eddies whose dimensions are comparable to 
the tube diameter. Now since,. in practical heat 
exchangers, the longitudinal pitch is of the same order 
as the tube diameter, a force spectrum will be produced 
with an even sharper peak corresponding to the 
energetic eddies. Also. since the inherent damping of 
boiler systems, both mechanical and acoustical, will be 
low, this will also help to sharpen the response 
spectrum. Finally he says that the response history due 
to this excitation, for mechanical or acoustic 
vibration, will be of a definite frequency slowly, 
modulating in amplitude and phase in a random manner. 
Owen's arguements have explained the existence of 
an excitation which behaves in a manner identical to 
vortex shedding. He dismisses the existence of vortex 
shedding in deep banks and assumes that such a 
phenomenon could not exist because the f low would be 
completely random. However Owen's theory cannot explain 
why these broad peaks in the turbulence spectrum and 
the acoustic resonance occur at different Strouhal 
numbers, or why some modes of acoustic vibration are 
missed. / 
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missed. It would also prove very difficult to explain 
the row depth effect on the Acoustic Strouhal number 
using this theory. As previously stated Owen supposes 
that the acoustic response will be modulated 
corresponding to a random excitation, so one would 
expect to see a response spectrum with a finite 
bandwidth which corresponds to the damping present. 
However in practice the acoustic resonance has been 
found to appear as a pure tone of constant amplitude. 
The equation for predicting acoustic instability 
in accordance with Owen's theory is as follows: 
K. (1 d 1t 
Where K, 'is a constant for all sufficiently widely 
spaced extensive tube arrays. 
This equation can be reduced for 0.6 > d/lt > 0.2 to 
the form 
fd 
UM = 0.5 
This equation is the same as that proposed by Grotz and 
Arnold, and the stability criterion is illustrated in 
figure 2.16. 
51 
2.3.4. ALTERNATING RAREFRACTION AND COMPRESSION 
OF THE GAS 
Hill and Armstrong (ref. H2) carried out a series 
of experiments involving staggered týbe bank 
arrangements, in which they observed two powerful pure 
tones (typically 100 dB), corresponding to the first 
and second transverse modes of the tunnel. 
The banks were composed of two columns of plain 
copper tubes which had a fixed transverse pitch 
diameter ratio of 2.4 and a variable longitudinal 
pitch diameter ratio. From their results they concluded 
that vortex shedding played no essential role in the 
excitation of the acoustic resonance. They further 
argued that the resonance was excited as a result of 
the repeated compression and rarefraction of the air as 
it passed through the tube rows. It'follows from this 
argument that the velocity for the onset of acoustic 
resonance is given by: 
U=f 
However this theory is rejected by many experimenters 
(ref . B6, F2,01 , D3, etc), although it is known, from 
Bernoullis equation, that variations in flow area and 
hence flow velocity, will give rise to periodic 
pressure variations, the sinuous streamlines produced 
do/ 
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do not provide a source of sound in a stationary f low 
f ield. Therefore they cannot account for the observed 
phenomenon. (ref. ol) 
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3.0 OBJECTIVES 
The main objectives of this work were as follows: 
a) To design and construct a wind tunnel suitable for 
the full investigation of the acoustic resonance 
phenomenon. 
b) To develop a method of measuring the damping of the 
acoustic modes within the tube bank, under static and 
flow conditions. 
c) To develop a method of varying the acoustic damping 
of these modes in a controlled manner. 
d) To compare the results with those obtained by other 
experimenters and assess the existing theoretical 
models. 
To develop a suitable mathematical model of the 
acoustic system. 
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4.0 DESIGN OF WIND TUNNEL 
4.1 INTRODUCTION 
In order to effectively investigate the 
parameters associated with this phenomenon it was 
necessary to design and construct a suitable facility 
for doing so. As the principal objectives of this work 
was to determine the nature of the aero acoustic 
system, and the role of acoustic damping, the wind 
tunnel was designed so that the damping would 
initially be small. 
This chapter des*cribes the modelling parameters 
and design considerations which are taken into account 
in the design and construction of the wind tunnel. 
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4.2 MODELLING CRITERIA 
When constructing a model of a heat exchanger the 
effects of scaling must be considered. The 
non-dimensional parameters which are generally 
associated with cross f low in heat exchangers are as 
follows: 
Reynolds Number (Re) 
Strouhal Number (S) 
Mass Parameter (M) 
Geometry (XV XL) 
Bank Depth (N) 
Turbulent Inensity W 
Acoustic Damping (Q) 
Mechanical Damping (0 
Mach Number (MN) 
Aspect Ratio (A) 
In the majority of modern heat exchangers the 
tube outside diameter will be in the range from 15mm to 
50mm, and the tube pitch/diameter ratio for in-line or 
pseudo in-line (cross inclined) tube bundle is between 
1.25 and 2.5. ýhe acoustic resonance is usually 
observed in heat exchanger units which have a single 
phase pressurized gas as a coolant. In this study the 
heat exhanger was modelled using air at atmospheric 
pressure, to represent the coolant, and 19mm outside 
diameter/ 
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diameter tubes. The effect of scaling and using air to 
simulate the coolant will cause a mismatch of Reynolds 
Number. Reynolds number effects however are not 
thought to be significant in the range 101 < Re < 105. 
The aspect ratio of a circular cylinder in a 
flow, is normally required to be greater than twelve 
(ref. F2) to eliminate three dimensional effects 
introduced by wall confinement at the cylinder 
extremeties. A bank of 15 columns normal to the flow 
and 50 rows in depth is considered to be sufficiently 
representative of a heat exchanger tube bundle (ref. 
B19). 
Taking these factors into account it was decided 
to build the tunnel of rectangular cross section 
measuring 0.4m x 0.6m. This allows at least 15 columns 
of tubes and an aspect ratio of twenty one. 
It was estimated that the turbulent intensity in 
the tunnel would be small, nevertheless it has been 
shown that within the first few rows of a bank the 
turbulent intensity will reach a constant value 
irrespective of the value upstream. 
The mass parameter and mechanical damping of the 
tubes was not modelled accurately. It was however 
recognised that these parameters may have some effect 
on the acoustic system, nevertheless in this situation 
they will be considered as being aerodynamically 
passive and therefore will not contribute to the 
excitation / 
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excitation of the acoustic resonance. 
The Mach number is a measure of the influence of 
compressibility on the f low. In this study the Mach 
number was limited to values less than 0.16, at these 
values compressibility does not ordinarily influence 
the analysis. 
Very little data is available as to the value of 
acoustic damping which might be encountered in 
practical plants. However it is sufficient to add that 
this parameter was kept small. The reason behind this 
decision is discussed in Ch. 4.5 on the acoustic 
properties of the wind tunnel. 
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4.3 WIND. TUNNEL LAYOUT 
A schematic diagram of the wind tunnel layout is 
shown in figure 4.1. This illustrates all the major 
sections of the tunnel together with the fan and 
silencer. Air enters the wind tunnel by way of the 
nozzle, passes through a settling length and into the 
test section. The purpose of the settling length is to 
minimise any local turbulence in the flow that might 
have developed at entry. In the test section air 
passes through the tube bundle and into the diffuser 
section at the rear. This diffuser section serves to 
reduce the velocity at the tunnel exit thus minimising 
the pressure loss. At exit from the tunnel the air 
enters the fan (which is driven by an electric motor) 
and is discharged through a silencer to the butterfly 
valve. It is this valve which allows the air velocity 
through the tunnel to be regulated. 
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4.4 THE TEST SECTION 
The test section was designed to house a tube 
array which would have a variable row depth and 
geometry. This was achieved by building the array of 
individual frames, each frame repesenting 1 row of the 
tube bank. A typical frame is shown in figure 4.2. 
These frames can be individually inserted or removed to. 
vary the bank depth, and spacers may be inserted 
between them in order to vary the longitudinal pitch. 
With this design it is necessary to build a set of 
frames for each transverse pitch ratio to be 
investigated. 
The test section was constructed so that the top 
could be removed to facilitate the fitting and removal 
of the tube frames. In figure 4.3 there is an 
illustration of the test section which highlights the 
position of the frames together with the rear slide 
arrangement-. It was by means of this slide arrangement 
that the tube bank was kept-tightly packed. 
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PHOTOGRAPH OF A TYPICAL ROW OF TUBES 
FIGURE 4.2 62 
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4.5 ACOUSTIC PROPERTIES OF THE WIND TUNNEL 
The mode of vibration which is usually associated 
with acoustic resonances in heat exchangers is that of 
a pure transvers mode (ie no longitudinal modes). This 
means that the frequency of acoustic vibration may be 
calculated using the formula stated below (ref. C3, F2, 
G7). 
c 
21 
The speed of sound through an array of tubes is lower 
than it would be if no tubes were present. This is due 
to scattering and inertial effects caused by the 
presence of the tubes. Parker (ref. Pl) gives the 
following expression for calculating this reduction in 
the speed of sound. 
+ OF, 
where a is the fraction of the space occupied by solid 
bodies. 
Using these equations the fundamental frequency 
of acoustic vibration for each geometry may now be 
-calculated. 
It has been noted by several experimeters that 
some modes of acoustic vibration fail to be excited. In 
ref. C3 and G7 theories are developed which predict the 
modes of acoustic vibration which will be critically 
damped. / 
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damped. These theories were discussed in the previous 
chapter and therefore shall not be restated at this 
point,, however the results obtained using these 
equations are summarized in table 1. As shown in table 
1 the slenderness ratio, described by Grotz and Arnold, 
predicts that the fundamental mode shall be excited in 
all the bank geometry except the 1.34 x 1.34 array. In 
this array it is predicted that the second harmonic 
will be the first to be excited. 
On the other hand Chen's damping criterion has 
two different values for critical damping, the value 
being dependant on the velocity profile at entry to the 
bank. Chen's guidelines, as stated in ref. C7, suggest 
that the value of damping factor (fl to be used in this 
situation is 600. The results of these calculations 
are, for this situation, the same regardless of which 
value of ý had been taken and it predicts that the 
fundamental mode will be excited in each geometry. The 
Strouhal numbers used in these calculations were taken 
from Chen's correlation because these values were used 
in the derivation of this theory. 
Making use of the relevant theories the acoustic 
Strouhal Numbers were calculated for each tube bank to 
be investigated. This, however, gave a large variation 
of acoustic Strouhal Number for each bank, so the 
tunnel was designed to include the lowest acoustic 
Strouhal number (i. e. highest velocity). Since this 
parameter determines the velocity which has -to be met 
for/ 
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for resonance to occur the pressure drop across the 
tunnel can now be calculated. The pressure drop, which 
is proportional to the row depth was calculated for 
each tube bundle, and an estimate for the pressure 
drop across the rest of the tunnel was made. Allowances 
were also made for the increase in pressure drop across 
the bank which would occur when the resonance was 
excited. The pressure drop across the tube bundle was 
calculated using the theory presented by McAdam (ref. 
MC2) and is as follows: 
AP = 4FoB, )NGo 
2p 
Where Fo = A, ma 
d Go 
A, = (0.044 + 
0.08 xL) for in-line arrays 
(X 
T-1)n 
0.43 + (1.13/X L) 
0.15 
Table 2 summarizes the results of these calculations 
and using this information it was possible to choose a 
suitable fan and motor. A centrifugal fan was used 
because of the high pressure drop and relatively low 
flow rate which had to be met. The specifications for 
the fan are shown in figure 4.4. 
The wind tunnel, centrifugal fan and motor were 
mounted on antivibration mountings. The fan was also 
vibrationally isolated from the tunnel by way of a 
flexible/ 
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flexible section, see figure 4.1. 
As mentioned in section 4.2 the value of acoustic 
damping was kept as low as possible. The main reasons 
for this was to allow investigation of the system 
behaviour under minimum damping conditions and to make 
the task of producing a significant increase in the 
damping easier. The damping was kept low by ensuring 
that the energy transmitted through the walls was low. 
This was achieved by ensuring that the scale factor was 
low, the test section walls had no disturbing mode 
shapes in the vicinity of the acoustic frequency, and 
by constructing the tunnel from 6mm. thick mild steel 
plate. The test section was modelled using a finite 
element program (PAFEC). In figure 4.5 the predicted 
mode shapes and natural frequencies of the section 
walls are shown. As can be seen f rom this diagram very 
little movement occurs in the walls of the tunnel, 
therefore these mode shapes will not significantly 
effect the transmitted energy. By making the walls from 
6mm, steel plate ensured a very high wall density which 
will reduce the amount of energy transmission. 
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5.0 INSTRUMENTATION 
5.1 INTRODUCTION 
This chapter describes the various instruments 
used for measurement of flow rate turbulent intensity, 
acoustic damping and sound pressure level. 
76 
5.2 INLET NOZZLE 
The mean air flow rate in the tunnel was 
monitored by measuring the pressure drop across the 
inlet nozzle. This nozzle was constructed in accordance 
with the guidelines presented in B. S. 848 and N. E. L. 
Report no. 39 (ref B16 and P2). The average static 
pressure downstream of the nozzle was obtained by means 
of four pressure tappings placed around the 
circumference of the duct. These were in turn connected 
to an inclined manometer, see fig. 5.1. The nozzle 
was calibrated using the method suggested in B. S. 848 
and the calibration chart is shown in fig. 5.2. 
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5.3 MICROPHONE 
It was uncertain what value of sound pressure 
level (S. P. L. ) would be experienced during resonance, 
and as no reliable empirical method for calculating the 
S. P. L. exists, a rough estimate had to be made. 
Previous experimenters have reported resonances of 
magnitude ranging from 120dB to 160dB (re 2x 10-5 N/M2). 
Using this information as a guide a suitable transducer 
was chosen. A condenser microphone was considered to be 
best in view of its excellent dynamic range and very 
low internal noise level. A schematic diagram of this 
microphone is shown below: 
SCHEMATIC CONSTRUCrION OF A CONDENSER MICROPHONE 
DIAPHRAGM--- IL K%. ý---INSULATOR 
BACK PLATE 
HOLE FOR STATIC PRESSURE EQUALIZATION 
ING 
The condenser microphone basically consists of a 
thin metal diaphragm and a rigid back plate, which 
constitutes the electrodes of an air dielectric 
capacitor. A charge is applied to the capacitor by a 
200V d. c. polarization voltage. Variations in 
capacitance, caused by the varying sound pressure on 
the/ 
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the diaphragm, are now transformed into voltage 
variations. The bandwidth of the microphone response is 
determined by the input impedance of the preamplif ier 
at low frequencies and the total capacitance of the 
system at high frequencies. Figure 5.3 shows the 
microphone cartridge, the preamplifier and the 
extension cable. The preamplif ier is placed in close 
proximity to the microphone cartridge in order to 
reduce stray capacitance, and increase the upper 
limiting frequency of the response. The complete 
experimental set-up used for measuring the sound 
pressure level is illustrated in fig. 5.4. This system 
was calibrated using aB&R pistonphone type 4220. 
81 
LLJ 
CD 
r- 
m 
CD 
rT, 
LLJ 
LLJ 
F- r, r 
LO 
B&K CONDENSER MICROPHONE 
82 FIGURE 5.3 
LLJ 
U-i 
U- cm 
--q = 
CM CL 
LJLJ =E 
C2- C=) 
C=3 cr) C-3 
C-a --cr CL I LO C: ) ,4 
C: ) CL = 
--i 
C-3 
cn 
CM --c 
C-3 LLJ M U-) 
L--E 
cr- "I LO U') LLJ cc M LLJ C2- C=3 C-3 -< C= m LLJ 
Cl 
0-4 1-4 
Cj 3 
cn __j C-3 
LIJ 
C=) 
LU LLJ 3c 
C= CM 
c:: ) 
C-3 
C: ) 
LLI 
tn 
rl 
LLI 
CD LLJ 
1-4 C: ) C= I-- := LLJ C-3 C3- 6-4 --: x LLJ C3 11 
cn C= 
0-4 LLI 
cn -4 LLJ cr 
Lij LLI 
US LLJ 
LJJ C3- LLJ 
CM 
= r-M Uj 
0000 
C: )= ýE: C. 3 CC 
0000 
LLJ 
CD 
--q = 
-, CL 
=E 
C=) 
C-3 
CL 
CM 
CL = 
FIGURE 5.4 
5.4 HOT WIRE ANEMOMETER 
A hot wire anemometer system was used for making 
measurements of turbulent intensity and fluctuating 
velocity. The hot wire system makes use of a heated 
resistance sensor placed in the flow under measurement 
and consequently cooled by it. The magnitude of this 
convective loss is dependent on a number of parameters 
such as temperature, pressure and velocity. If only the 
velocity changes, or if the influences of the other 
parameters are eliminated through the use of suitable 
circuitry, then the instantaneous heat loss of the 
sensor is a measure of the instantaneous velocity. 
The circuit used for measuring the thermal loss 
was the constant temperature anemometer circuit 
(C. T. A. ). In principle this consists of a Wheatstone 
bridge and a servo amplifier. (See diagram below). 
BRIDGE TOP I 
TOP Vatio TOP Vatio) so; vo 
RESISTANCE RESISTANCE ARIFIERR 
ERU VCLTAGE- 
I 
BRIDGE VOLTAGE 
COMPENSATING NETWORK 
COMPARISON RESISTANCE 
PROBE 
SIMPLIFIED DIAGRAM OF A CONSTANT-TEMPERATURE ANEMOMETER 
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The active bridge arm contains the probe and one 
of the two top resistors. The passive bridge arm 
contains the other top resistance, the comparison 
resistor and a few compensating networks, which 
eliminate the influences of the cable parameters. The 
output voltage of the anemometer system is a nonlinear 
function of the flow velocity, the transfer character- 
istics of which are shown in figure 5.5. (a). 
This non-linear relationship makes the 
calculations of turbulent intensity a complicated 
process, since the slope of the characteristics varies 
with velocity. These calculations can be simplified by 
making use of a linearizer. This piece of apparatus 
converts the transfer characteristics of the anemometer 
system from those shown in figure 5.5. (a) to that in 
figure 5.5. (b). A comparison of expressions for 
calculating the turbulent intensities using both 
systems readily shows the amount of simplification 
accomplished. 
(a) Nonlinearised anemometer 
V-U 22 
n (Vo 
Linearized anemometer 
42 2 
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The set-up for measuring the fluctuating 
velocities and turbulent intensities are shown in 
figures 5.6 and 5.7 respectively. The hot wire system, 
with linearizer, was calibrated using a pitot static 
tube and manometer. As can be seen from figure 5.6 the 
linearizer was not incorporated in the system when 
making the fluctuating velocity measurements. Although 
it is realised that the anemometers non-linearized 
response can lead to the production of spurious 
harmonics, it was felt that due to the relatively small 
amplitude of the response being measured this problem 
would not effect the results. 
86 
[A] 
OUTPUT 
VOLTAGE 
(V) 
VELOCITY (m/s) 
TRANSFER CHARACTERISTICS OF A HOT WIRE ANEMOMETER 
181 
OUTPUT 
VOLTAGE 
(V) 
VELOCITY (m/s) 
TRANSFER CHARACTERISTICS OF A LINEARIZED HOT WIRE ANEMOMETER 
TRANSFER CHARACTERISTICS FOR A LINEARIZED AND NON-LINEARIZED 
HOT WIRE ANEMOMETER 
87 FIGURE 5.5 
uj 
Fowff-L-PFFý 
-i U- LLJ C: o UD 
1-4 
Ln C: 3 
Ca- -c: c C-3 CD C3- 1 
CMM) M 1-4 
cr) -cc Cl- = -Cf- C13 
LLJ 
cn 
I C: ) I I- --. -: c 
C-3 
LLJ 
CL 
LLJ Ln 
LLJ >- ZE C3 LU _j =E: r"I C-3 LLJ C: ) C-3 
Ln __j LLJ 
1 LLJ P-4 
Lr) C: ) C3 C-0 CM C: ) 
M 
C3 
LU 
I 
0-4 
-cc 
C=) LLJ 
1-4 C: 3 
C-) 
LLJ C= 
LL- 
LLJ m C:: 3 LO LU 
LIJ cr) 
I-- C3- 
LU C3- 
I 
LLJ 
000 
Ln C=; CD 
LLJ 
rr, 
LLJ 
000 01 
C3- 
U. j 
LLI 
LLJ 
CM 
Cl- 
FIGURE 5.6 
LU 
h- 
LU 
-. 
E 
CD 
=E 
U. i 
>- 
k- 
b .. 4 
LU 
LU LU 
cc 
LU 
LL- 
c:: 3 
LU 
LU 
CM 
ul 
KC 
LL. i 
LU 
f-- 
0 000 
cm 
LU 
Cfl 
O 
4>C-- 
G0 
- LU cn 
-i 
1 
C: c 
c: 1 
C-2 
C: 2 cr- c2. 
LU 
LU cr- 
LLJ 
LU c2- 
>< 
Ui 
Cfg LLI LU 
cn 
k- cn LU 
CD 
FIGURE 5.7 
5.5 ACOUSTIC DAMPING MEASUREMENTS 
It was required that measurements of the acoustic 
damping be made under flow conditions. This was 
achieved by obtaining the transfer function between an 
external excitation and the response of the acoustic 
system. Mathematical details of this procedure and that 
used to obtain the acoustic damping values are shown in 
Chapter 6.5. A schematic diagram of the test section 
with equipment employed in making these measurements is 
shown in figure 5.8. As can be seen from this diagram a 
piston was mounted in the top of the test section to 
provide the acoustic excitation and the response was 
measured by a microphone. The piston was driven by a 
shaker, fed with band limited random noise, and an 
accelerometer fixed on the piston gave a measure of the 
excitation. The transfer function, dampings, etc were 
calculated using the PDP-II computer. 
The principal design criterion for the piston was 
that it should have a minimum weight (to minimise the 
shaker power required to drive it) and that its natural 
frequency should be above the area of interest thus 
minimising spurious resonances and phase distortion. 
The pistons were constructed from perspex and their 
physical dimensions together with their 
natural frequencies are shown in table 3. This shows 
the fundamental frequency of the six inch square piston 
to be well above the frequency range of interest so 
this/ 
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this piston can be considered as being rigid. The 
natural frequency of the eight inch square piston 
however, is very close to that of the acoustic 
frequency. In this situation the piston can no longer 
be assumed to move rigidly. This problem was overcome 
by increasing the pistons natural frequency using the 
web arrangement shown in figure 5.9. This arrangement 
gave additional stiffness and was found to increase the' 
natural frequency sufficiently to remove the phase 
distortion. 
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5.6 ALTERATION OF ACOUSTIC DAMPING 
As mentioned previously one of the objectives of 
this work was to vary the acoustic damping of the test 
rig. This would enable the role played by this 
parameter to be established. It was thought that this 
would be best achieved by constructing the test section 
so that the acoustic damping would be low. The damping 
could then be increased by allowing a greater 
percentage of the acoustic energy to be radiated from 
the test section. Figure 5.10 (a) and (b) show the test 
section lid configurations which were used to achieve 
this. The inside of the lid was covered with a light 
polyester sheeting. This allowed acoustic energy to be 
radiated out of the cut outs and still maintain an air 
tight seal. The large cut out in the lid provided 
access for the piston which was used in the measurement 
of the acoustic damping. The theory behind this method 
of increasing the acoustic damping is further discussed 
in chapter 9.1 and Appendix 4. 
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6.0 SPECTRAL ANALYSIS 
6.1 INTRODUCTION 
This chapter describes the basic principles and 
properties of the frequency analysis routines used in 
this work. This includes a description of some of the 
different forms of the fourier transform together with 
the various frequency functions used. 
This chapter also contains the various flow 
charts for the programs developed in this work. 
6.2 THE FOURIER TRANSFORM 
The concept of frequency analysis by which a 
complex signal can be broken down into a number 
(perhaps an infinite number) of co-sinusoidal 
components at various frequencies is now widely 
accepted. These frequency components each have a given 
amplitude and initial phase 'and are derived as the 
result of a Fourier analysis. The fourier transform is 
the mathematical basis of this frequency analysis and 
takes different forms depending on the type of signal 
. 
being analysed. 
The forward Fourier transform may be written as: 
00 
FxMfX (t) e- 
j2 7Tft dt 
-00 
and/ 
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and the reverse fourier transform is written as: 
(t) =fw Fx Me 
j 27rf t df 
where X (t) and Fx (f ) are continuous f unctions of time 
and frequency respectively. In the case of many modern 
digital processing instruments however, the time 
function is represented as a finite sequence of 
discrete values (equi-spaced in time). This 
representation is known as the "Time Series". The time 
function is no longer continuous and therefore does not 
fulfill the requirements of the above integral. In this 
situation another form of the Fourier transform mýst be' 
used, this is known as the discrete fourier transform. 
The forward discrete Fourier transform may be written 
as: 
N-1 J 27rkn 
x 
(k) =1 
:EX 
(n) eN 
N 
n=O 
and the reverse discrete Fourier transform is given by: 
N-1 j 27Tkn 
X(n) 
:EFx 
(k) eN 
k=O 
Here the infinite continuous integrals have been 
replaced by f inite sums' which are much better adapted 
to digital computations. Even so, it can be seen that 
in order to obtainN frequency components from N time 
samples (or vica. versa) it requires N2 complex 
multiplications. This is therefore a very slow process 
due/ 
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due to the large amount of complex multiplications. 
In 1965 a paper was published in which a 
calculation procedure known as the fast fourier 
transform (FFT) was described. This procedure gives the 
same result as the discrete Fourier transform but the 
number of multiplications is reduced to N log2N. This 
gives a reduction in computation time equal to N/log2N, 
which for a typical case of N= 1024 is more than 100. 
Since its introduction the FFT has revolutionized 
signal analysis and is now an extensively used 
procedure. 
At this point it is useful to discuss some of the 
properties of the discrete Fourier transform. As stated 
previously the "Time Series" is a finite digitized 
representation of the time function. The sampling of a 
continuous signal can lead to the misinterpretation of 
high frequencies as lower frequencies (A high frequency 
being defined as a frequency above half the sampling 
frequency). This is termed as aliasing and this effect 
is illustrated in figure 6.1. Figure 6.1(a) shows the 
digital form of a continuous d. c. signal (f = 0) and 
figure 6.1(b) illustrates the digital form of a sine 
wave of frequency fs. (i. e. f= sampling frequency). 
Similarily in f igure 6.1 (c) the digital form of a sine 
wave of frequency fs/N is shown and a sine wave of 
frequency (N + 1)fslN is illustrated in figure 6.1(d). 
These illustrations clearly show the aliasing effect 
and how high frequencies may be misinterpreted. The 
graph in figure 6.2 illustrates the relationship 
between/ 
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between the actual frequency of the signal and the 
apparent frequency indicated by the digital 
representation. This is obviously one of the pitfalls 
of digitizing a continuous signal. This problem may 
however be overcome by using a low pass filter to 
filter out all the frequency information above half 
the sampling frequency. It is desirable that this 
filter have a sharp roll-off so that most of the 
frequency points may be utilised 
The continuous Fourier transform gives a 
spectrum which is a continuous function of frequency. 
The components of this spectrum have units of spectral 
density (typically Volts/Hz). The most common way of 
displaying such a spectrum however, is as an amplitude 
squared spectrum. This is termed as the "power 
spectral density" (P. S. D. ) and has typical units of 
VoltS2 /Hz. Therefore the P. S. D. must be integrated 
over a finite bandwidth to give a finite power. This 
can be applied to stationary random functions whose 
spectrum is continuous but, has a finite and 
statistically constant power. To apply this concept to 
stationary deterministic signals with discrete spectra 
involves the use of delta functions. In this situation 
it is more common to represent the spectrum as "Power 
spectrum" scaled directly in power units (typically 
VoltS2). Similarily when considering the discrete 
rourier transform, because the frequency spectrum is 
represented / 
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represented by a discrete series of components the 
spectrum is usually displayed as a "Power spectrum". 
The result of a Fourier analysis is given as a 
double sided spectrum centred about the zero frequency 
axis. It is however usual to display the resulting 
spectrum as a single sided spectrum, therefore the 
original must be modified. The d. c. component can be 
taken directly from the original spectrum. However all 
the other frequency components are complex and have a 
corresponding component in the negative frequency 
domain. A spectral component of frequency fk may be 
represented as: 
x 
(f k) = ak + jb k 
xx 
(f k) =ak2+b k' double sided power spectrum 
This ccmponent has a corresponding component at a 
frequency of -f k which may be represented thus: 
k)=ak- jb k 
Fxx (-f k) =ak2+bk2 double sided power spectrum 
now adding these two components together to give a 
single sided spectrum: 
F 
xx 
(f k) 2(a k2+bk2) single sided power 
spectrum 
F 
xx r. m. s. 
(f k) = s/2 (a k2 + -b k2) 
The concept of bandwidth shall now be 
considered with particular application to the discrete 
fourier / 
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rourier transform. The classical method of obtaining 
the frequency spectrum of an electrical signal is to 
pass the signal through a number of analogue bandpass 
filters. Each filter has a different centre frequency 
and the spectral components are obtained by measuring 
the transmitted power from the filter. The bandwidth 
of the filter can be interpreted as being the degree 
of frequency uncertainty associated with a 
measurement. In other words the frequency of a 
transmitted component carf only be said to be somewhere 
in the filters bandwidth. The bandwidth associated 
with a measurement is notnecessarily determined by the 
bandwidth of a filter, especially where none is used. 
This is the situation in digital calculations. The 
continuous fourier integral gives a result which has 
an infinitely narrow bandwidth (df). This however is 
never possible in practice, SO the concept of 
bandwidth must be introduced. In practice a continuous 
signal is divided into short sections called "time 
windows". The simplest way of applying such a window 
is to cut the signal off at each end. This can be 
considered as a multiplication by a rectangular 
weighting function of length T, which gives uniform 
weighting along the selected sample. In this situation 
it is the effective length of the window that 
determines the bandwidth. In the case of a time window 
of length T seconds the bandwidth is limited to a 
minimum 
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minimum value of 1/T. Figure 6.3 shows the effective 
filter characteristics for the rectangular time window 
described previously. Figure 6.4 illustrates the power 
transmission characteristics for the same window. As 
can be seen from these diagrams the filter 
characteristics have large side lobes which cause 
spectral leakage. This effect is illustrated in 
figures 6.5 (a) - (d). Figure 6.5 (a) represents an, 
endless sinusoidal function in both time and frequency 
domain. The corresponding power spectrum for this 
function is shown in figure 6.5 (b). Figure 6.5 (c) 
however illustrates a similar sinusoidal function 
which has been multiplied by a rectangular time 
window. Its corresponding power spectrum is shown in 
f igure 6.5 (d) and as can be seen the result is the 
filter characteristics centred on ±fO. These side 
lobes, caused by the rectangular window, may be 
reduced by using a different shape of time window. 
Many different shapes of time window can be used to 
alter the effective filter characteristics. it must be 
noted however that all these windows trade off between 
side lobe level and main lobe bandwidth, and the main 
lobe bandwidth for any window cannot be less than the 
bandwidth of the rectangular window. This is 
illustrated in figure 6.6 where a sinusoidal function 
has been multiplied by a cosine 2 time window. As can 
be seen the cosine 2 window (or Hanning window) has 
considerably reduced the side lobes but the bandwidth 
of / 
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of the main lobe has been increased. It must also be 
noted that the used of such a time window will reduce 
the energy content of a sample. This may be 
compensated for by calibrating the system with a 
reference signal. Alternatively, the factor by which 
the energy is reduced may be calculated. In the case 
of a rectangular window the sample is uniformly 
weighted (by a factor of unity) over its complete 
length, so no compensation is required. Any other 
shape of window will however require some 
compensation and the factor can be calculated as 
follows: 
T/2 
cF {W (t) 12 dt 
Tf T/2 
where W (t) is the weighting f unction with a maXimum 
value of unity. The corresponding attenuation factor 
in dB is given by 10 loglo (CF). 
For a discrete weighting funciton: 
N-1 
CF n=O 
N 
IW(n)II 
It may be shown that the accuracy of a spectral 
measurement is dependant on the effective bandwidth 
of the measurement B (Hz) and the record length T (s) 
This relationship is as follows: 
a-1 
Rý VBT 
where/ 
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where a= standard deviation 
m= mean value 
In order to successfully apply this relationship 
the effective bandwidth of the time window must be 
determined. It has however been shown (ref. B18) that 
for most practical calculations the B. T. product may be 
taken as being equal to unity, irrespective of which 
time window is used. This is because a change in 
bandwidth obtained by using a shaped time window, is 
accompanied by a change if effective record length, and 
an approximately constant B. T. product. So from the 
above equation a=1. This means that the standard 
F 
deviation of the measurement is equal to the mean 
value, so the accuracy is very poor. It is interesting 
to note that increasing the record length T so that 
more data is analysed will not improve the accuracy of 
the measurement. This is because as the record length 
T becomes greater the spectral bandwidth decreases and 
the B. T. product remains the same (B = -I). So T 
increasing the record length will only increase the 
frequency resolution. There are two common methods for 
increasing the B. T. product of a measurement. The first 
method is to increase B by averaging over a number of 
adjacent frequency components. The B. T. product is now 
given by the number of original bandwidths in the 
integrated bandwidth. This method has the advantage 
of improving the effective filter characteristics of 
the / 
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the window. It does however have the disadvantage of a 
trade-off between frequency resolution and measurement 
accuracy. The other method for improving measurement 
accuracy is to increase the value of T by averaging 
over several records. This will give a B. T. product 
equal to the number of individual records over which 
the average is made. This method was used in this work 
to improve measurement accuracy. 
Many different spectral functions may be 
calculated using the fourier transform, In this work 
four different spectral functions were frequently used 
and these shall now be described. 
6.3 THE POWER SPECTRUM 
As mentioned previously the power spectrum is 
defined as follows: 
Fx (f 
I{x 
(t) 1fX (t) e- 
j 27rf t 
Fx (f) = lsxl iýL 
F (f) =F (f) F* (f) xx xx 
* denotes complex conjugate. 
F results from a fourier transform of X(t). The 
magnitude I Sx I def ines the instantaneous spectral 
content at frequency f and the phase angle 0 describes 
the relative phasing of the components. These angles 
are not meaningful unless the analysis window is 
synchronized / 
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sychronized, to a periodic harmonic in the data. F xx 
represents the average of the squared spectrum 
magnitude. It is a real spectrum defining the average 
power (variance) at each frequency. 
6.4 THE CROSS SPECTRUM 
The cross spectrum is defined as follows: 
F 
X(f) = il 
X (t) e- 
j 2Trf t 
F (f) =, 
IY(t)e- j 2Trf t 
F 
xy 
(f) Fx (f) Fy (f ) 
This is the average complex product of the spectrum of 
signal Y and the complex conjugate of the spectrum of 
signal X. This product indicates those frequencies 
where both X(t) and Y(t) have content. The phase angle 
indicates the average phase difference between the 
signals at each frequency. 
6.5 THE TRANSFER FUNCTION 
A transfer function describes the cause effect 
relationship between two measured signals, and is 
defined as the complex ratio of the output to the input 
of a system. 
F 
X(f) 
JX(t)e- j2Trf t 
F (f) YM e- 
j2 iTf t 
H 
xy(f) 
F X(f) 
where/ 
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where Hxy(f) is the transfer function from X to Y 
Fy (f) is the fourier spectrum of the output signal 
Fx (f) is the fourier spectrum of the input signal 
This equation may be used directly however it can 
be made easier to compute if the', following development 
is made: 
F 
H 
xy(f) 
yM 
Fx (f) 
H (f 
FI (f )Fx (f) 
XY Fx (f) IF X*(f) 
F 
xy(f) 
F 
XX(f) 
The transfer function is now equal to the ratio of cross 
spectrum, between the output and input, and the power 
spectrum of the input. This makes computation easier 
because the calculation no longer requires division by a 
complex number. Six transfer functions have become 
classics in the study of mechanical structures. These 
are: - 
1. Compliance (displacement/force) 
2. Apparent Stiffness (force/displacement) 
3. Mobility (velocity/force) 
4. Impedance (force/velocity) 
5. Inertance (acceleration/force) 
6. Apparent Mass (force/acceleration) 
The/ 
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The compliance, mobility and inertance functions are all 
ratios of response motion to input force excitation. 
These functions all identify resonant frequencies by 
exhibiting a Fe-(xk in the frequency domain. The 
apparent stiffness, impedance and apparent mass are the 
reciprocal relationships of compliance, mobility and 
inertance respectively. These functions denote a 
resonant frequency as a valley or minimum value. All six 
of these transfer fuctions are interrelated by simple 
algebraic operations and having knowledge of one 
transfer function is equivalent to knowledge of all six. 
The nature of available instrumentation and the specific 
problem usually dictates the transfer function for 
measurement. 
The main reason for calculating the transfer 
function was to obtain a measure of the acoustic damping 
in the tunnel. The damping properties of a resonance are 
descirbed by an amplification factor Q. The 
amplification factor is related to the damping factor 
by the relationship Q= 1/2r,. Three of the most popular 
methods for calculating the damping from the transfer 
-function are: 
Method 1 
IX/Fl(f 
n) 
1 X/F 1 (0) 
where/ 
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The third method was used in this work because it is the 
most precise for practical implementation. It also has 
the advantage of being directly applicable to the 
compliance, mobility or inertance function. 
6.6 THE COHERENCE FUNCTIONS 
In the case of cross spectrum and transfer 
function calculations it is not known to what extent 
Fy (f) results from Fx(f). In this situation it is wise 
to check the coherence function. The coherence function 
gives a measure of what proportion of the output power 
is caused by the input. This can be useful in 
determining the contributions of a number of independant 
sources to a given response. Likewise if the signal 
contains noise then it gives an indication of the 
signal-to-noise ratio. Hence the coherence function is 
a usef ul check on the validity of cross spectrum and 
transfer function data. The coherence is defined as: 
y XY2 (f )= 
IF 
xy 
(f) 12 
Fxx (f )F 
yy 
(f ) 
Where F xy 
(f) is a cross spectrum obtained by averaging 
over a number of records. 
F 
xx(f) are power spectra, also averaged over a 
F 
yy 
(f) number of data records. 
It is useful to note that the first estimate of 
Y2 (f) from one record of X(t) and Y(t) will always be XY 
unity 
ill 
unity. This follows from: 
xy x 
IF 
xy 
(f) 12 
while F XX(f) 
and F yy 
M= 
IF 
xy 
(f) 12 
f)F 
y 
(f) = IF x 
(f)IIF 
y 
mllo ox 
= IF x 
(f)Il. IF 
y 
(f)12 
= IF x 
(f)12 
IF 
y 
(f)12 
xx 
M 
yy 
M 
However, on averaging over several records it is 
only when there is no extraneous noise (i. e. the signal 
Y(t) stems entirely from X(t)) that the individual 
estimates of cross spectrum have exactly the same phase 
angles. This effect is illustrated in figure 6.7 and 
shows that only when the individual cross spectra have 
the same phase angle can the coherence be equal to 1. 
6.7 COMPUTATION OF SPECTRAL FUNCTIONS 
'A PDP-11 mini computer was used for calculating 
the various spectral functions. A custom built FFT 
program was purchased and additional software was 
written around this program so that the desired 
frequency functions could be obtained. This FFT program 
had the advantage of being written in machine language 
and was therefore very fast compared to its equivalent 
written in a higher level language. The additional 
software was constructed in two main parts. The first 
part / 
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part sampled the data, stored it on diskette and then 
calculated the relevant spectral functions. Once these 
spectral functions have been calculated the results are 
stored on diskette. This procedure was adopted in order 
to reduce the running time of the fan, etc. The f low 
diagram for this program is shown in figure 6.8. The 
second part of the software reads the results from the 
diskette, and allows them to be rescaled, expanded or 
displayed on one of the output devices. The flow diagram 
for this part of the software is shown in figure 6.9. 
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FIGURE 6.5 
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7.0 RESULTS 
7.1 INTRODUCTION 
The first section of results describes the tests 
which were conducted during the commissioning of the 
rig. These results reveal the basic characteristics of 
the wind tunnel. This is followed by a section on the 
results from the investigation into the influence of row 
depth and geometry on the resonance characteristics. 
The resonance is characterised by an Acoustic 
Strouhal Number based on the frequency of the acoustic 
resonance, the tube diameter and the velocity at onset 
of the resonance. This velocity is referred to the 
point of minimum cross sectional area between the 
tubes. The Acoustic Strouhal Number may be written as: 
fd 
SA= U 
Although there would be some merit in the use of 
a Reduced Velocity to describe the resonance, the 
Strouhal number presentation was chosen to maintain 
consistency with other work and, aid in its comparison. 
The third section of results lists some general 
observations made during the previous tests, together 
with the measured mode shapes of the resonance. The 
final section contains the results obtained by 
measuring and varying the acoustic damping. 
The sound pressure level in the bank was 
monitored / 
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monitored using the arrangement illustrated in figure 
5.4. For each bank tested the power spectrum was 
computed over the velocity range attainable in the 
tunnel. In most of the cases investigated the amplitude 
of the acoustic resonance rose sharply from the 
background noise, as illustrated in figure 7.1 (a) . In 
such a situation the velocity at which this resonance 
occurs is easily identified. In some tube banks however 
the resonance grew less sharply, as illustrated by 
figure 7.1 (b). This S. P. L. /velocity characteristic 
makes the Acoustic Strouhal number difficult to 
evaluate accurately. For this reason a sound pressure 
level was chosen to define the velocity for calculating 
the Acoustic Strouhal Number. A S. P. L. of 120 dB was 
chosen for this purpose because at this level the 
resonance became audible to the operator. 
7.2 TUNNEL CHARACTERISTICS 
The wind tunnel was initially tested when the 
test section was empty. The power spectrum was then 
recorded for various velocities and the results are 
illustrated in figure 7.2. This diagram is in the form 
of a three dimensional plot of 
S. P. L. /frequency/velocity. This diagram reveals two 
sharp peaks in the spectra at frequencies of 452 Hz and 
906Hz. These peaks seem quite large at low velocities 
but disappear at higher velocities when the background 
noise 
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noise increases. These peaks can be identified as the 
1st and 2nd harmonics of the fan blade passing 
frequency which is: 
Fan Speed 3390 r. p. m. 
56.5 r. p. s 
No. of blades on fan 8 
Blade passing frequency 8x 56.5 
452 Hz 
This diagram also shows a high S. P. L. at low 
frequencies. This is due to flow instability and 
turbulence which is generated in the inlet region of 
the tunnel. Nevertheless this is of such a low 
frequency that it will not cause concern in this 
investigation. 
The turbulence intensity in the section upstream 
of the test section was measured using the apparatus 
illustrated in figure 5.7. These measurements were made 
when the test section was empty and then repeated when 
the test section contained a 12 row bank (XT ý'- 2.0, XL 
= 1.67). The results obtained are illustrated in figure 
7.3. This shows a graph of turbulent intensity (t ) 
against approach velocity (U) for both arrangements. 
The turbulent intensity can be seen to be around 11% 
(in both cases) when the velocity is low. This level 
falls off as the velocity is increased and levels out 
to a value of around 4%. The high level of turbulent 
intensity / 
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intensity experienced at low velocities is probably due 
to the level of low frequency pressure fluctuations 
illustrated in the power spectra of figure 7.2. 
7.3 THE EFFECT OF ROW DEPTH AND GEOMETRY ON THE ONSET 
OF ACOUSTIC RESONANCE 
Each bank was individually tested using the 
instrumentation described in chapter 5, and the power 
spectrum was computed for various velocities throughout 
the range available. In each geometry the banks were 
built up progressively from 1 to 50 rows, and the 
Acoustic Strouhal number was derived for each case. 
These results are summerized in tabular form in 
Appendix 1. 
7.3.1, BANK IXT2.0 XL=1.67 
The results for this geometry are shown in figure 
7.4 in the form of a plot of Acoustic Strouhal number 
against bank depth. This shows that as row depth is 
increased the Acoustic Strouhal number of the main 
resonance (lower line) varies from a value of around 
0.16 in shallow banks to a value of around 0.23 at a 
row depth of 12. Further increase in row depth can be 
seen to have little further effect on the Acoustic 
Strouhal number. This diagram shows a second line, 
corresponding to an Acoustic Strouhal number of 
approximately 0.4-This describes a resonance which was 
experienced / 
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experienced in af ew of the row depths investigated. 
This diagram also shows that an acoustic resonance was 
excited when only one row of tubes was present. With 
the one row bank, the S. P. L. rose slowly as the 
velocity was increased, reaching 120dB at a velocity of 
17m/s. The resonance was stable in amplitude and 
f urther increase in velocity, up to a maximum velocity 
(u) of 23 m/s, resulted in a higher S. P. L. being 
produced. When the row depth was increased to two rows 
however, it was found that the first and second 
harmonics were supressed. Figure, 7.5 shows a three 
dimensional plot of S. P. L. / frequency / velocity for 
this bank. As can be seen the third harmonic is excited 
at an approach velocity of approx. 12.5 m/s. Further 
increase in velocity causes this peak to disappear and 
no other acoustic resonance is excited. The results 
obtained with three rows of tubes present are similar. 
to that f or the one row bank. This time however the 
S. P. L. rose more sharply with increasiqg velocity. In 
the five row bank, it was observed that as the velocity 
was increased the third harmonic was the first 
resonance to be excited. This occurred at an approach 
velocity of 16.8 m/s. However further increase in 
velocity led to this resonance disappearing and the 
first mode being excited. The excitation of the first 
mode occurred at an approach velocity of 17.2 m/s: 
Increasing the velocity further led to the S. P. L. of 
the first mode becoming larger. 
In / 
126 
In the 12 row configuration a similar result to 
that of the 5 row bank was obtained. In this bank 
however it was the second harmonic which was excited 
prior to the onset of the f irst. In the case of the 28 
row bank the f irst mode was excited twice, once at a 
velocity of 5.8 m/s and again at a velocity of 11 .4 
m/s. A three dimensional plot of S. P. L. / frequency / 
velocity for this bank is shown in figure 7.6. As can 
be seen the first mode is excited at a velocity of '5.8 
m/s. This peak is relatively small (i. e. 124 dB) and 
disappears as the velocity is increased. When the 
velocity reached 11.4 mls this mode was found to be 
excited again, in this case however, further increase 
in velocity resulted in an increase in the S. P. L. This 
diagram also shows a broad peak in the power spectra 
which increases in frequency as the velocity is 
increased. This velocity dependent peak has all the 
characteristics of vortex shedding, and can be seen to 
be well removed from the acoustic frequency when the 
resonance is excited. The excitation of the first mode- 
at around half the velocity of the main resonance was 
-only experienced in the 28 row bank. An increase in 
S. P. L., for the first mode, was however experienced at 
this velocity in several other deep banks in this 
configuration. This is demonstrated in the 43 row bank 
which exhibited a similar peak, however the maximum 
S. P. L. in this case was 102 dB. It was only in the 28 
row / 
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row bank that this peak became audible. Figure 7.7. 
shows a three dimensional plot for the 49 row bank. 
Again this plot shows the vortex shedding and acoustic 
frequencies to be unrelated. The vortex peak produced 
in this bank is however, far more pronounced than 
before. 
7.3.2. BANK II XT "ý 2.0 XL "2 2.0 
The results of the investigation into the effect 
of row depth for this geometry are shown in figure 
7.8. This is a graph of Acoustic Strouhal number 
against row depth. With this geometry the first mode 
was the only mode excited. Figure 7.8 shows the 
Acoustic Strouhal number to vary slightly in shallow 
banks, and settle down to a constant , value, of 
approximately 0.21, as the bank becomes deeper. 
The three dimensional diagrams in figures 7.9, 
7.10 and 7.11 show the S. P. L. / frequency / velocity 
plots for the 2,10 and 24 row banks respectively. 
These plots all show a very sharp peak corresponding to 
the acoustic resonance (practically a pure tone) . In 
figures 7.10 and 7.11 the vortex shedding peaks are 
also evident and can be seen to bear no simple 
relationship to the acoustic frequency. These diagrams 
also show the vortex shedding peak to become far more 
pronounced as the row depth is increased. 
7.3.3. / 
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7.3.3. BANK III XT : -- 2.0', XL `2 2.34 
The results for this configuration are shown 
in figure 7.12 in the form of a plot of Acoustic 
Strouhal number against row depth. This diagram also 
shows the Acoustic Strouhal number to vary slightly in 
shallow banks, and level out to a constant value as the 
bank becomes deeper. In some of the banks (N 2 and 5) 
the amplitude of the acoustic resonance, at onset, was 
found to be unstable. That is, the amplitude of the 
resonance would remain constant for some time then 
reduce considerably. The amplitude would remain at this 
reduced value for a time before returning again to the 
previous level. Further increase in velocity tended to 
stabilise the amplitude. 
Figure 7.13 is a three dimensional plot of S. P. L. 
frequency / velocity for the 42 row bank. Once again 
this plot shows the vortex shedding frequency to be 
well removed from the acoustic frequency at the onset 
of the resonance. 
In the following series of banks several modes 
were excited with frequencies which were close to the 
same transverse- mode. For reasons that will be 
explained later in this chapter these modes were 
associated with the transverse mode which they lie 
closest to. 
7.3.4. BANK IV XT= 1.34, XL=1.34 
Figure / 
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Figure 7.14 illustrates the Acoustic Strouhal 
number /row depth relationship for this configuration. 
As can be seen f rom this graph the Acoustic Strouhal 
number for this configuration remains around 0.4 for 
all the banks tested. This configuration was found to 
resonate with only 1 row of tubes, and an approach 
velocity of 10 m/s. This resonance was stable in 
amplitude and further increase in velocity caused this 
mode to disappear and the 2nd harmonic to be exicted. 
The second harmonic was excited at an approach velocity 
of 19 m/s. When two rows of tubes were placed iP the 
bank the 1st, 2nd and 3rd harmonics of vibration were 
suppressed and the 4th and 5th harmonics were the only 
modes excited. The Acoustic Strouhal number remained 
around 0.4 for all the banks tested except the 5 row 
bank which produced additional responses around 0.635. 
These resonances had frequencies of 300 Hz and 1580 Hz 
and were excited at an approach velocity of 10 and 12 
m/s respectively. It should be noted from this diagram 
that as the row depth is increased the minimum mode 
number tends to decrease. 
Figure 7.15 -* 7.17 illustrate three dimensional 
plots of S. P. L. / frequency / velocity for the 25,30 
and 42 row banks in this geometry. In all the row depths 
(except N= 5) in this geometry, the resonances were 
excited in a regular sequence. The hot wire anemometer 
was again used in this geometry to establish the vortex 
shedding / 
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shedding frequency. As with the three dimensional 
S. P. L. plots there was -no evidence of vortex shedding in 
the hot wire spectra. 
7.3.5. BANK VXT=1.34, XL": 1.67 
Figure 7.18 illustrates the Acoustic Strouhal 
number / row depth relationships for this bank. When 
two rows of tubes were placed in the test section the 
ist, 2nd and 9th harmonics were excited. As the 
velocity through this bank was increased it led to the 
excitation of the first mode. Increasing the velocity 
led to this mode disappearing and the 9th harmonic 
being excited. Further increase in velocity led to the 
9th harmonic disappearing and the 2nd harmonic taking 
its place. In the case of the five row bank however the 
only mode of vibration excited was that corresponding 
to the 9th harmonic. Increasing the row depth to 10 
rows resulted in no resonance being excited. There was 
however a small peak corresponding to the 3rd harmonic. 
Although it did not become audible it was clearly 
identifiable in the spectrum. 
The behaviour of these banks could be explored no 
further, because of the high velocities associated with 
the modes of vibration involved. Several banks were 
however tested in this geometry and as can be seen from 
f igure 7.18 the 15,19 25,30 and 35 row banks 
produced/ 
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produced no resonance. - Figure 7.19 shows the three 
dimensional plot for the 25 row bank. This is typical 
of the results obtained from this range of geometry. 
when the bank depth was increased to 40 rows however 
the second mode was excited. . This occurred at an 
approach' velocity of 8.4 m/s and is illustrated by the 
three dimensional plot in figure 7.20. 
Similarily in this configuration the hot wire 
anemometer was used to detect vortex shedding. The 
results of this investigation were similar to those of 
the previous bank in that no vortex shedding was 
detected by this method of measurement. 
7.3.6 BANK VI XT = 1.34 XL 'ý 2.0 
Figure 7.21 illustrates the Acoustic Strouhal 
number/row depth relationship for this geometry. In the 
two row bank three modes were excited with frequencies 
at 290Hz, 318Hz, and 350Hz. This occurred at approach 
velocities of 9.6 m/s, 13.5 m/s and 13.4 m/s 
respectively. These modes all have a frequency which is 
close to that of the first harmonic. When the row depth 
was increased to three rows the first three modes were 
excited at a similar Acoustic Strouhal number as 
before. Further increase in velocity resulted in the 
excitation of the 8th and 9th harmonics at around twice 
the velocity of the first mode. Increasing the row 
depth to 4 rows resulted in only one of the first modes 
being / 
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being excited. Increasing the velocity led to this mode 
disappearing and two frequencies corresponding to, the 
7th harmonic being excited. Further increase in 
velocity caused these modes to fall off just prior to 
the onset of the 2nd harmonic. When the row depth was 
increased to 10 and 15 rows no acoustic resonance was 
observed. This is illustrated in figure 7.22 in the 
form of a S. P. L. / frequency / velocity plot for the 15 
row bank. When the bank depth was increased to 20 row 
two distinct resonances were excited both of which were 
close to the third harmonic of acoustic vibration. In 
this situation the lower of the frequencies was excited 
first closely followed by the excitation of the higher 
frequency. This result is illustrated by the three 
dimensional plot in figure 7.23. In the case, of all 
the other bank depths investigated the modes were 
excited in a regular sequence (ie 570Hz then 61OHz then 
68OHz etc). Some of the results for the other banks 
tested in this geometry are shown in figures 7.24 -->- 
7.27. These are all three dimensional plots of S. P. L. 
/ frequency / velocity for the 25,30,35 and 40 row 
banks respectively. In this configuration neither the 
hot wire anemometer or microphone detected vortex 
shedding. The three dimensional plots shown in this 
chapter do not always have the z-axis at the same 
angle. Also in some of these plots the full velocity 
range is not shown. 
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7.4 GENERAL OBSERVATIONS 
In banks I, II and III it was found, that the 
magnitude of the main resonance increased continually 
with velocity up to the maximum velocity attainable in 
the rig, which was roughly 20 m/s. This respresented an 
increase of up to 90% of the onset velocity. It would 
be expected (following the theories presented 
previously) that such velocities would have caused the 
first mode to diminish prior to the onset of the second 
harmonic. The maximum S. P. L. produced by these banks is 
not known because the microphone output became severly 
distorted due to the S. P. L. being greater than the 
microphones dynamic range. Hence it can only be said 
that the S. P. L. was greater than 160 dB. A second 
effect was noticed when the velocity was increased 
beyond the onset point of the main resonance. The 
frequency of the resonance was seen to increase as the 
velcoitY was increased. This increase in frequency was 
small but detectable. Two typical examples, for 
different banks, are shown below. 
28 Row XT '= 2.0, XL '= 1.67 U 12.2 16.9 ms-l, f 
265 - 275 Hz 
42 Row -= XT = 2.0, XL=2.34 U 12.8 14.5 ms- 
it f 
250 - 260 Hz 
This increase in frequency was detected while the 
microphone was still within its normal operating range. 
it / 
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It was observed that the frequency of the resonance 
varied from 295Hz to 248 Hz as the bank depth was varied 
between 1 and 49 rows. The mode shape of the resonance 
was therefore measured in several banks to determine if 
these changes were due solely to changes in the acoustic 
system, or if different modes were being excited. This 
was carried out for three different bank depths with a 
geometry of XTý2.0, XL : -- 1.67 and the results are 
illustrated in figures 7.28 - 7.30. The measurements 
illustrated in figures 7.28 and 7.29 were carried out 
when the resonance had been excited and the magnitude 
and phase were measured by two B&K microphones and a 
B&K phase meter. Each of these diagrams show the 
tunnel layout with the position of the tube bank and 
flow direction indicated. The measured magnitude and 
phase of the acoustic mode is illustrated directly below 
and this shows the mode of acoustic vibration to be in 
phase across the length of the bank. Hence the excited 
mode is a pure transverse mode and has no longitudinal 
nodes. These diagrams also show the amplitude of the 
mode to decrease exponentially outside the tube bank. 
This implies that there is no transmission of acoustic 
energy along the duct, which is consistant with the work 
of ref. P1. In figure 7.30 the results were obtained 
just prior to the onset of resonance. In this occasion 
the signals from the microphones were fed to the PDP-11 
computer where the cross spectrum was calculated. Figure 
7.30 shows that three modes were detected with the same 
transverse mode shape but having different longitudinal 
mode / 
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mode shapes, and the mode which was excited was mode 
number 1. This result is consistant with that observed 
previously in that the first transverse mode (ie a mode 
with no longitudinal nodes) was excited. Hence this 
indicates that the change in frequency observed in these 
banks was caused solely by changes in the acoustic 
system, . brought about by the increase in bank depth, 
which in turn increased the area with a lower speed of 
sound. 
In banks IV, V and VI it was f ound that several 
modes were excited with frequencies which lay close to 
that of the same harmonic. It was not possible to 
conduct a full microphone traverse of the wind tunnel in 
these geometries because of the close proximity of the 
tubes. It was however felt reasonable to assume that 
these frequencies, corresponded to modes of the same 
transverse mode, but with different longitudinal mode 
shapes. Hence the frequencies of response were 
associated with the transverse mode which they lay 
closest to. 
Using the information obtained by the microphone 
and hot wire anemometer the Strouhal number f or each 
bank was estimated. 
GEOMETRY 
xT xL 
1.34 1.34 
1.34 1.67 
1.34 2.00 
2.00 1.67 
2.00 2.00 
2.00 2.34 
These results are shown below: - 
STROUHAL NUMBER 
0.13 
0.13 
0.13 
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f 
These values show good correlation with the Strouhal 
number. map presented by ref. M4. 
In some instances in banks iv, V and VI the time 
series of the resonance was seen to be modulated. 
However on inspection of the power spectrum of these 
signals several very sharp peaks were found to lie in 
close proximity to each other. Therefore it was the 
spectral interference between these peaks that caused 
the modulation of the time series. 
7.5 DETERMINATION OF THE ROLE PLAYED BY DAMPING 
The next stage of this work required the 
measurement of acoustic damping, under flow conditions. 
The results of this work are summerized in tabular 
form, in Appendix 2. This work will reveal the acoustic 
damp ing/ve loc ity relationship, and therefore determine 
the validity of the feed-back typemodel. A bank of 
geometry XX of T 2.0, L 1.67 and having 
38 rows 
tubes was placed in the test section. The unaltered 
lid was placed on the test section and the velocity 
for the onset of acoustic resonance was determined. 
This was found to occur at U= 10.62 m/s. The test 
section lid was then removed and replaced by the lid 
which had. a6 in square piston inset in it. The shaker, 
etc. was then connected to the piston as shown in 
figure 5.8. Once again the velocity required to 
initiate the acoustic resonance was determined. This 
time / 
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time it was found to be U= 10.75 m/s. This shows that 
the pistons presence has little effect on the acoustic 
system. 
The random noise generator was then set to 
produce noise between 0- 500 Hz, and the experiments 
were commenced. As can be seen from figure 5.8 the 
shaker is suspended such that the weight of the piston 
is carried by the shaker. This meant that the signal 
being fed to the shaker had to be limited in order to 
prevent the core striking its end stops. It was found 
with this configuration that the coherence dropped to 
an unacceptable level at velocities in excess of 17 
m/s. The results obtained from this investigation are 
shown in figure 7.31. 
The 38 row bank was replaced by an eighteen row 
bank of the same geometry. The results obtained from 
this bank are shown in figurp 7.32. This diagram is aQ 
factor / velocity plot. As can be seen from this 
diagram the Q factor at no flow is higher than that for 
the 38 row bank. (Lower damping. ) The initial results 
obtained were however similar to the previous bank in 
that as the velocity was increased the coherence still 
fell to an unacceptable level. This problem was 
overcome by using band limited random noise to give the 
maximum possible excitation level in the required 
frequency range. The filter pass band was set to 
200-50OHz. This greatly improved the performance of the 
system / 
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system and allowed the damping to be measured at much 
higher velocities. Figure 7.32 shows that the measured 
Q-factor of the acoustic system increases sharply as 
the onset of resonance is approached. The 18 row bank 
was then replaced by an eight row bank of the same 
geometry. This bank depth was not tested in the 
original row depth investigation, however the Acoustic 
Strouhal number was calculated and recorded on figure 
7.4. Figure 7.33 illustrates the Q factor /velocity 
relationship for this bank. However due to the high 
velocity associated with the resonance, the coherence 
was found to drop to an unacceptable level before the 
onset of the resonance. In this bank the second 
harmonic of acoustic vibration was excited prior to the 
first mode. 
Figure 7.34 illustrates the Q factor / velocity 
relationship of the 43 row bank. The data from this 
bank however was not analysed in the usual manner. In 
this case the data was recorded on a SE 8/4' tape 
recorded and analysed at BABCOCK POWER RESEARCH CENTRE 
using a HP 5420 analyser. This analyser was capable of 
making higher resolution measurements than the PDP- 
; 11 computer. The results of the analysis can be s. een 
to 
be similar to that obtained in the eighteen row bank. 
Figure 7.35 shows the Q factor / velocity relationship 
obtained for a 12 row bank of the same geometry. The 
points marked by circles of this graph are the results 
of/ 
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of the invesitagation with minimal damping. In this 
case the data was analysed by the PDP-11 computer. 
These results can be seen to be of a similar nature to 
that of the 43 and 18 row banks. The test section lid 
was now replaced by an alternative lid as described in 
chapter 5.6. This new lid incorporated an eight inch 
square piston and a large number of half inch diameter 
holes. This is illustrated in chapter 5.6 by' figure 
5.10 (a). Originally the whole lid was covered by a 
thin polyestor sheeting, including the hole for the 
piston. The lid was then placed on the test section, 
which still contained the 12 row bank. Using the usual 
procedure the S. P. L. / frequency / velocity relationship 
was determined. The results of this experiment are 
shown in figure 7.36. 
This shows that the acoustic resonance is 
suppressed, and no resonance became audible in the 
velocity range available-Figure 7.36 does reveal the 
exsistance of a peak (1 15dB in magnitude) corresponding 
to the first acoustic mode. This occurs at an approach 
velocity of 18 m/s. It was however impossible to 
make any damping measurements with this configuration 
as the piston was not f itted. The next step was to 
removed the polyestor sheeting, f rom the piston hole 
and f it the eight inch square piston. When the tunnel 
was retested with the piston in place the first mode 
of acoustic vibration was excited at virtually the same 
velocity / 
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velocity as it had been prior to this lid being fitted. 
The lid was therefore removed and altered to that 
illustrated by figure 5.10 (b) in chapter 5.6. This 
diagram shows the lid to contain some larger holes 
which, were situated directly above the twelve row 
bank. This lid was placed on the tunnel and the Q 
factor / velocity relationship was determined. The 
results of this investigation are also illustrated in 
figure 7.35. These points are identified by small 
squares on this diagram. With this modification the 
onset velocity for the acoustic resonance (Um) was 
found to be moved from. 13.1m/s to a velocity of 14.9 m/s. 
This means the Acoustic Strouhal number is reduced from 
0.207 to 0.187. A three dimensional plot of S. P. L. 
frequency velocity for this configuration is shown in 
figure 7.37. Some typical plots of Transfer function, 
Real part of Transfer Function, Phase and Coherence are, 
shown in figures 7.38 - 7.42. These were taken at 
various velocities (velocity indicated on the diagrams) 
in the 12 row banks. 
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8.0 MODEL OF THE ACOUSTIC RESONANCE PHENOMENA 
IN IN-LINE TUBE ARRAYS 
8.1 INTRODUCTION 
In the literature survey, the experimental 
findings from various authors concerning the acoustic 
phenomena, were described. Using this information it 
was shown that the existing theories are inadequate in 
accounting for the observed behaviour. The following 
chapter describes the application of a more promising 
model which was originally outlined in ref. (B15). 
8.2 PHYSICAL MODEL 
Consider the situation illustrated in figure 8.1. 
In its undisturbed state the f low through an in-line 
tube bank may be supposed to separate in a uniform' 
manner from the downstream side of each tube. However 
in the presence of an acoustic standing wave some 
interaction of the acoustic wave with the separation 
process may be reasonably expected. A possible 
instantaneous picture is shown in figure 8.1. The 
nature of this interaction is likely to be complex and 
therefore cannot be fully analysed within the scope 
of the present study. As a starting point, suppose that 
the separation point is rotated upstream and downstream 
on opposite sides of the tube by the acoustic pressure 
gradient/ 
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gradient transverse to the flow. This will, in effect, 
deflect the flow leaving the tube by an angle O. This 
angle 0 may be supposed, by dimensional analysis, to be 
a function of the following: 
ap 
f (p, d, Um, ji.. f, lt 3-Y, P) 
therefore f(p, d, U f, it, 6P, p, e) =0 m 6y 
using the Buckingham Pi Method of dimensional analysis: 
Number of parameters =9 
Primary dimensions =3 
which are M= mass (kg) 
L= length (m) 
T= time (s) 
therefore there are 9-3 =6 Pi terms. 
Shall select p, d and U as the three variables which 
between them contain M, L and T. 
adbc 7r `2 P U; 
-MabLcM i. e. MOLOTO (jý) (L) (if) rT- 
0a+ 
0 -C 
0 -3a +b+c 
Tr 11 T-dU-_ 
.m 
pa db ucf m Mý i. e. M"LOTO = (&' 
(L) b (L) c T 
m0a 
T0 -C c 
L0 -3a +b+c 
b 
fa 
1,2 UM 
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IT 3 7- P d % I t 
i. e. MO LOTO (_I) a (L) 
b 
L3 
T 
cL 
m 0 a 
T 0 -C 
L 0 -3a +b+C+1 
b= -1 
7r 31t 
d 
Tr4 =Padbc 
6P 
% 6y 
i. e. MOLOTO 
m)a (L) b LT 
(L)c M 
T LIT' 
m0a+a 
T0 -C -2C -2 
L0 -3a +b+C 
b=1 
d 6p 
P Um, FT 
7T 5 abc Pd Uý P Tr6 = abc pd Uý 6 
i. e. M*L*T* 
m)a (L) b LT i. e. M*L'T' 
m)a (L) b -L-T 
LcM (y E --r (L)c T T 
m 0a+1a -1 m 0a 
T 0 -C -2C -2 T 0 -C 
L 0 -3a +b+C1 L 0 -3a +b+C 
b=0 b=0 
TT 5 
Um Tr e 
P 
Tr I pdUm Re 
fd S1 UM vR 
7T 3= x dT 
d 6P 
Tr4 = 7y 
m 
Tr5 = -P -r if introduce the Pum ratio of specific 
heats y 
yp 1 
P UZ MN' 
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Tr ,= 
f (Re, M fd ,xd 
6p 
N' TT U--r -6 -y Tm- 
m 
The f low within a tube bank can be considered as being 
fully turbulent, so, to a first approximation, the 
Reynolds number effect can be neglected. Also since the 
work was carried out at low Mach numbers, this effect 
may also be neglected. Hence 
ed 
6P 8.1 ý-Uý_ -F-Y 
M 
where a' =f (XTJ* 
f d) 
U 
m 
Note that the angle e need not be in phase with the 
6P 
acoustic pressure gradient Wy it is however 
convenient at this stage to include the phase shift in 
the a' term. 
The effect of the interaction of the acoustic 
pressure field with the tube is to produce a transverse 
velocity component Vs, which is given by: 
vs =u sin m 
This can be written as: 
Vs =Ua 
for small angles of 0 
vs =aId 
6P 
ý um zvy 8.2 
For brevity in later discussions, this will be written 
as: / 
202 a 
as: 
where a= 
ot'd 
PU m 
vs =a 
6p 
6y 
one further result is required. The transverse velocity 
fluctuations Vs, are carried across the cavity, between 
adjacent tubes, by the mean flow. Therefore the value 
of Vs at some distance x downstream of the separation 
point corresponds to that which left this point a time 
x ago. The flow issuing between the tubes will form UX 
jets. Therefore the value of the mean velocity across 
the cavity might be expected to be close to Um 
(typically 0.9U 
m 
(F2)). For the purposes of this 
investigation it will be taken as being equal to Um 
Thus: 
Vs (x, t) = Vs (0, t- x UM 
it follows that. 
vs (x, t) =a 
6p (t -x 
7y UM 
8.3 ANALYSIS 
8.3 
In the following analysis the above relationship 
is included in the governing differential equation and 
a solution obtained. It is convenient to first consider 
the wave equation and its derivation. Following the 
procedure of many acoustics text books (e. g. ref (M2)) 
this may be derived for a one dimensional situation. 
This / 
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This is done by combining the continuity and momentum 
equations. 
The continuity equation may be writtefi as 
follows: 
6u =1 8p 6y P. Tt- 8.4 
The momentum equation in one dimension may be written 
as: 
6u+u ýLu + .16P=08.5 9-t y 6y p 6y 
1 
since is small Uy 
6U 
may be neglected to obtain UY ý-Y- 
6U 1 6p 
6t 7y 8.6 
Thus, combining 8.4 and 8.6 
1 62p 62p 
2--8.7 6Fr - T, Y-- 7' 
where C 
yp 
- speed of sound p 
The solutions of this equation are well known. Consider 
now the situation in a tube bank. The presence of the 
tubes may, to a first approximation, be ignored, apart 
from the production of a transverse velocity Vs, which 
will be superimposed on the acoustic system. The effect 
of the transverse velocity fluctuation being carried 
across the cavity by the mean flow, requires the 
inclusion of the X-direction convective term in the 
momentum equation, to give 
6u 
Tt 
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6u 
+u LU +u 6u i 
6p 
ý6t in 6x y6yF Ty 8.8 
Um being the mean bank velocity as before. Now, 
provided that the cavity width is short compared with 
the acoustic wave length, the acoustic velocity across 
the cavity must be constant. Thus the only contribution 
to the convective term U 
6U 
from the 
m 7x will come 
velocity fluctuation Vs. Thus: 
8u 
+ um 
8vs 
+ 
8u 
=-1 
6p 8.9 _FE 6x UY 6yp 6y 
and as before U 
ý-U 
is negligible. y 6y 
Invoking equation 8.3 gives. 
6VS 66 ((XTYPP- (t - 8.10 6x Tx 6y UM 
Thus equation 8.9 becomes 
5u 
+ 
62 
(P (t- x))=- -i 
ýp8.11 
Ft UM 6X6Y 
mp 
6y 
Substituting from the continuity equation as before 
62U 
+ 
63 
(P (t x))16,2 
p0 
Wy UM 6x6y Um P ý7 
1 62p 
+ 
63 
))+1 
62p 
0 (p (t- x 
P. T-t-7- 
UM 
6x6Y2 Um P Týl 
62pV 63 62p p -7- . )) - C2 (p (t -x Ty-r 0 Tt"T UM y UM 8.12 
on this basis, the acoustic resonance in a tube bank is 
charaterised by equation 8.12. If the solution of this 
at 
. equation is of the form P, e sin w t, then with 
positive 6 the system may be regarded as unstable. 
Thus / 
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Thus the system will spontaneously resonate at its 
natural frequency, with an amplitude limited only by 
the system non-linearities. If ý is negative the 
system is stable and an initial disturbance will decay 
to zero. As mentioned in Chapter 1, it has generally 
been observed that the mode excited in a bank of tubes 
is one of the transverse modes (ref. B6). For the 
purposes of this analysis it shall be assumed that this 
is the excited mode. The equation for the transverse 
modes of the bank may be written as: 
P= Poe 
(iw + a)tcos 27Ty 
X 
now substituting for P in equation 8.12 
+ iW)2 + 
40C2 PU 
ma6. e- 
('w + ý) x/Um 
2TrC) 
2=0 
X2 - 6X + 
8.13 
It is convenient at this stage to eliminate x by 
integrating each term of the equation with respect to x 
across the cavity between limits of 0 and a. Af uller 
discussion of the value of "a" will be given later. 
Thus 
+ iwf + 
PU ma(2 ? TC )2 (e- (iw + $) a/U m _1) + (27TC)2 aXA 
=08.14 
Now separating this equation into its real and 
imaginary parts. To accomplish this the real and 
imaginary terms which describe the phase difference 
between 0 and 
ý-P 
must be extracted f rom a. This 6y 
will be described by a (g + ih) term. Thus. 
(ý + iW 
22 
TrC ) 2a'd (g +ih) ((cos ý! -a -isin ý! -a) e- 
ýa/Um 
_j) a UM UM 
+( 
2TrC) 
2=0 
77 
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ý2-Wl + (21TC 
2 ald wa- ýa/Um _ g) Re: X)- Cos +h sin 
w a) e 
,,, 
((g UM uM 
+ (21TC) 
2 
8.15 
x 
As a bank approaches instability 6 will tend towards 
zero. Therefore, for a bank on the point of resonance 
22 
a may be neglected when compared with W Henc. e 
we obtain: 
W 
(L7-c 
20ý ald((g Cos wa+h sin Wa g)) 8.16 Xa UM UM 
The imaginary part of 8.14 gives 
Im: 2wa +W2 ald ((h Cos wa-g sin w 
a) e- 
ýa/Um 
- h) =0 a UM Um 
2wý =a( (g sin wa-h Cos 
wa) e- 
Ba/Um 
+ h) 
Trfdal 
13m Um 
aa/Um 
a=( (g sin wa-h Cos wa) e- + h) aUm UM 8.17 
In the case of the geometries examined in this 
study the instability occurred at low values of acoustic 
Strouhal number (tYP- 0.19 - 0.4) . This implies that 
the acoustic pressure gradient is varying slowly when 
compared to the time taken for a particle to travel a 
distance of one tube diameter. As it is the effect on 
the separation process that is of interest, there would 
be some merit in considering the distance over which the 
separation point is deflected instead of the tube 
diameter. This would have the effect of further reducing 
the frequency ratio SA since d6/2 << d. Hence as SA* 0 
the acoustic pressure gradient can almost be considered 
stationary when compared to the flow at the separation 
points. Therefore for these values of S the velocity 
component Vs can be assumed to be in phase with the 6P 
pressure gradient ; Ty-. This gives: 
g=1h=0 
Trf da 1 sin wa e- 
ýa/Um 
aUm 
which can be written as 
= 
iffdal sin (3 a 0a UM 8.18 
as ý -* 0 
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This is the principal result of the analysis. Clearly 
from this equation ý is positive implying large 
amplitude vibration for 
ý12 less than Tr., (assuming (x3' UM 
positive) . 
i. e. for ýLa less than j UM 
It remains to define the effective depth of the 
cavity between the tubes. It may be supposed that this 
is less than the longitudinal pitch of the bank, XL' 
but greater than the width of the gap between the tubes 
XL -d. However from the results of figure 8.2 it would 
appear that the experimental data is well described by 
x 0.5 
According to equation 8.18 the bank will resonate for 
all values of :- 
UM 
id- >2 (XL -0*5) 
This result does however ignore damping. 
8.4 DAMPING 
It is not possible to include the effect of 
damping in a rigorous way in the basic differential 
equation. However, it may be shown that if a general 
damping loss term D -Ep- is added to equation 8.12 to 6t 
give: 
1 '62 p 
6t2 
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2p63 (P(t-X/UM» ýp 
=C2 
2p 
3-17 PC2 (X j-X-6-Y-r +C6t 67 
8.19 
the effect is simply to add another term in equation 
8.18 to give: 
a= Trfdal sin wa - D/2 8.20 a UM 
Therefore resonance will occur if: 
7rf dot 1 sin wa_D>08.21 um2 
i. e. 
2 Trf da 1s in ý! -a >D a UM 
I 
The damping parameter D includes the effect of 
viscous damping and radiation losses. 
Let us now consider the stability diagram 
illustrated in figure 8.3. This diagram shows the 
variation in the value of ý as V is increased. An 
acoustic resonance will occur at all values of Vr for 
which a positive value of ý exists. For the values of Vr 
that ý is negative then any disturbance will decay to 
zero. This diagram shows that the theory predicts the 
existence of additional resonant zones corresponding to 
wa equal to 7T + 2n7. UM 
The effect of introducing damping to this diagram 
would be to offset the whole $ curve by a value of a 
= -D/2. Thus as the value of D is increased a higher 
value of V is required to initiate the resonance. This 
trend will continue until D> 27fdal/a at which point 
there is no value of um which will satisfy the 
inequality / 
209 
inequality 8.21. Thus for each mode there exists a 
value of damping which, if exceeded, will cause that 
mode to be missed. In figure 8.4 the stability diagrams 
for the first three harmonics of acoustic vibration are 
shown. A few points should be made about this diagram. 
Firstly the theory only applies for small values of e. 
Also the theory initially assumes the existence of an 
acoustic pressure gradient which interacts with the 
separation process. Therefore equation 8.12 was solved 
for a constant amplitude of acoustic disturbance P.. 
This implies that as the velocity, U M, 
becomes small e 
will become very large, and the theory will no longer 
apply. In the practical situation however such an 
acoustic disturbance would not be present. A better 
representation would be obtained if equation 8.12 had 
been solved for a constant amplitude of O'. This would 
illustrate more clearly how a disturbance at the tube 
would effect the acoustic system. This effect can be 
shown by the existing equations if a' is made proport- 
ional to V' This is illustrated in figure 8.5 by a R 
graph of against mean velocity Um- Also shown on 
this diagram is the experimental results obtained from 
the 43 row bank with a geometry of XT = 2.0 and XL 
1.67. This geomety was also used for the theoretical 
calculations. As can be seen from the theoretical 
curve the energy input to the acoustic system is much 
smaller at low velocities. This is due to two factors. 
Firstly 
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Firstly the value of 'Vs' will be smaller and 
secondly, the effect of the local velocity fluctuations 
IVsI at low velocities, will be largely self cancelling 
due to the large phase shif t across the cavity. At 
large values of Um however the velocity fluctuations 
will be roughly in phase and will therefore reinforce 
one another. II 
Figure 8.4 illustrates the possibility of the 
second and third harmonics being excited at a slightly 
lower velocity than the first harmonic. The second and 
wa a third harmonics are excited when 37r while ýL- = 7r U 
for the first harmonic. This situation is repeated for 
other values of ý! -a however this condition is of most U 
interest in a practical situation. This is because as 
wa 
u- is increased the likelyhood of a resonant zone 
causing acoustic vibration is decreased, as shown by 
figure 8.5. 
The theoretical model will be further discussed 
in chapter 9.8, where it will be compared more fully 
with the experimental findings of this investigation. 
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9.0 DISCUSSION 
9.1 INTRODUCTION 
The following discussion will be split into 7 
parts. The f irst 6 parts will deal with the behaviour 
of each individual geometry tested. This will be 
followed by a general discussion on the effect of row 
depth and acoustic damping. Before proceeding with the 
first geometry it would be useful to consider the 
damping offered to the acoustic mode within a tube 
bank. Clearly several different factors will determine 
the energy dissipatedfrom the acoustic mode during 
vibration. These will include the effects of the 
inherent damping, viscous damping and radiation losses. 
In any vibrating medium one might expect a 
certain degree of energy dissipation due to the 
frictional forces between the vibrating particles. The 
inherent damping will vary according to the medium 
involved, however for a column of air this component 
will be negligible in comparison with the others. 
As the vibrating medium passes over the walls and 
tubes of the bank it will be subjected to some degree 
of viscous damping. This component will vary in direct 
proportion to the surface area over which the vibrating 
medium travels. Therefore this damping factor will 
decrease as the scale of a given geometry is increased. 
Likewise if the row depth is increased then this 
damping/ 
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damping factor will also increase. 
The energy lost by the standing wave as acoustic 
radiation is also a form of damping. Although a full 
analysis is complex, it is clear that as the ratio of 
the open area of the bank to its volume increases, 
then a greater fraction of the stored energy will be 
radiated during one cycle of vibration. Therefore the 
corresponding damping factor will increase as the 
area/volume ratio is increased. If the scaling factor 
of a bank is increased, then this will cause a greater 
reduction in volume than open area , hence the 
area/volume ratio will increase resulting in an 
increase in damping factor. Similarily if the row 
depth is increased this will result in an increase of 
the banks volume, which will decrease the damping 
factor. 
Let us now consider the net effect of increasing 
the row depth. This will result in an increase in the 
surface area and volume of the bank which in turn will 
increase the viscous damping factor and decrease the 
radiation term. Likewise as the row depth is increased 
the number of disturbance sources (i. e. tubes) within 
the bank will increase. This will result in a much 
stronger feedback effect in the acoustic resonance 
model. Therefore the net effect would perhaps be more 
easily visualized if considered on a per row basis 
i. e. a constant magnitude of feed back effect. Hence 
increasing the row depth will cause a reduction in the 
radiation/ 
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radiation damping term with the viscous damping term 
remaining fairly constant. 
A summary of all the results obtained in the row 
depth investigation, together with data from other 
compatible sources, are shown on figure 8.2. This is a 
graph of Reduced Velocity against longitudinal pitch to 
diameter ratio. As can be seen from this diagram many 
of the points fall either side of the U/fd =2 XL 
stability criterion. However if we consider the U/fd = 
2(X L- 0.5) stability criterion, as proposed in chapter 
8, then it can be seen that all the points are encased 
within its boundary. 
9.2 BANK IXT `2 2.0 XL :"1.67 
The Acoustic Strouhal number / row depth 
relationship for this geometry is illustrated by figure 
7.4. The lower line on this diagram describes the 
relationship for the main resonance. That is the 
instability region corresponding to ý2a = IT. This U 
line shows the Acoustic Strouhal number to increase 
with row depth and level out to a constant value for 
row depths greater than 20 (approximately) . Such an 
effect can be explained by the damping / row depth 
relationship, as described in chapter 9.1. Consider the 
diagram in figure 8.3. This curve will be displaced 
downward by a value corresponding to D/2. The value of 
D/ 
* see equation 8.20 
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D will be relatively large for small row depths, so the 
curve will be displaced by a large amount. As the row 
depth is increased, and the value of D is reduced, the 
curve will move upwards hence reducing the velocity at 
which the acoustic resonance is excited. This will have 
the effect of increasing the Acoustic Strouhal Number. 
This trend will continue until a saturation value is 
reached, where upon the reduction in damping with 
increasing row depth becomes negligable. 
Several other unusual effects were also observed 
in this geometry. An acoustic resonance was excited 
when only 1 row of tubes was present. To obtain a 
resonance with such a bank is very rare, and presumably 
was only observed in this instance because the test 
section had a low value of acoustic damping. However 
this situations is not representative of any of the 
longitudinal pitches investigated, and is more akin to 
a bank with an infinite longitudinal pitch. Therefore 
the 1 row bank shall not be considered when assessing 
the ef f ect of the row depth. In the case of the twenty 
eight row bank the first harmonic was initially 
-excited at a velocity of 5.8 ms 
-1 
. This - resonance 
only existed for a small velocity range then completely 
disappeared. Further increase in velocity caused the 
, 
first harmonic to be excited again, this time at a 
velocity of 11.4ms-1, see figure 7.6. This behaviour 
is unusual, but can be explained by the theoretical 
model. / 
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model. Consider again the stability diagram shown in 
figure 8.3. This diagram reveals the existance of 
additional areas of instability corresponding to wa/U = 
37r, STr, etc. The, region of instability experienced at 
5.8ms-1 would correspond to the 3ff region on figure 
8.3. As explained previously this region of instability 
corresponds to a 360* phase shift between Vs and 
ýP, 
as 6y 
Vs travels across the cavity. Although this bank was 
the only one in which this phenomenon occurred, 
several other banks exhibited an increase in magnitude 
of response for the first harmonic at this region. An 
example of this is shown in figure 7.7. 
For the case of the two row bank the f irst and 
second harmonics were not excited, and the third 
harmonic was the f irst mode to be excited. This could 
be explained by the large value of damping factor which 
exists in shallow banks and resulted in the f irst two 
modes remaining stable. When the row depth was further 
increased the first harmonic was excited. However in 
the 5,8 and 12 row banks the second and third harmonic 
was f ound to be excited prior to the onset of the 
f irst. This phenomenon can again be explained by the 
theory. Consider f igure 8.4, this diagram shows the 
stability curves for the first three harmonics of 
acoustic vibration. Now imagine these diagrams are 
displaced downwards by varying amounts which 
represents the damping for each mode. For the case of 
the/ 
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the five row bank the instability curve for the third 
harmonic is in such a position that it allows the 3ff 
region to become excited. This is not the case for the 
second harmonic and it remains stable. In the case of 
the first harmonic it is displaced downwards, by an 
amount sufficient to allow the third harmonic to be 
excited separately. Therefore when the velocity is 
increased the third harmonic is the first mode to be 
excited, closely followed by the establishment of the 
first harmonic. It should be remembered that this 
diagram only illustrates the relative positions of the 
instability regions and that the magnitude of the peaks 
have been normalized. In the case of the 8 and 12 row 
banks the increase in row depth has produced a 
corresponding reduction in the acoustic damping for 
each mode. This has allowed the second harmonic to 
become excited in its 3w instability region. Therefore 
it becomes the first mode to be excited. 
When the row depth is increased beyond 12 rows 
the first harmonic becomes the first mode to be 
excited. This can be explained by the reduction in 
acoustic damping which now allows the onset velocity 
for the first harmonic to become lower than the second. 
This observation will be discussed more fully in 
chapter 9.8. As can be seen from figure 7.7 
contributions from the second and third harmonics do 
exist once the first harmonic has been excited. 
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The three dimensional diagrams in figures 7.5 - 
7.7 clearly shows the existance of vortex shedding 
within these banks. It also shows the acoustic 
resonance to occur at a frequency well removed from 
that of vortex shedding. 
9.3 BANK II XT 'ý 2.0 XL=2.0 
In these banks the longitudinal pitch to diameter 
ratio was increased which has resulted in a reduction 
in the tube packing density. This will result in a 
decrease in the area/volume ratio, and as explained 
in chapter 9.1 this will lower the value of acoustic 
damping. It is for this reason that the Acoustic 
Strouhal number/row depth effect shown in figure 7.8 is 
less pronounced than that observed previously. In a 
study by Fitzpatrick (ref. F2) the Acoustic Strouhal 
number/row depth relationship was investigated for a 
similar geometry. The rig in which these experiments 
were conducted was of a much lighter construction, with 
the test section being made from aluminium and perspex. 
This test section housed a bank of 6.25mm diameter 
tubes which was at least 12 columns wide and up to 40 
rows deep. Following the arguements of chapter 5 and 
9.1 one might expect a larger value of acoustic damping 
in this rig, as compared to the one used in this study. 
Also since the tube diameter was smaller in 
Fitzpatrick's 
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Fitzpatrick's rig, one could expect a much larger value 
of area/volume ratio in shallow banks. However this 
difference would be marginal for very deep banks. 
Therefore following the arguements in chapter 9.1 
one might expect Fitzpatrick's rig to exhibit a much 
greater variation in acoustic damping as row depth is 
increased. This will result in a more pronounced effect 
on the Acoustic Strouhal Number. (especially in shallow 
banks). Figure 2.8 shows this to be consistant with 
the results obtained. 
As predicted by the theory the increase in 
longitudinal pitch has caused a decrease in the 
Acoustic Strouhal number. The three dimensional 
diagrams in figures 7.9 - 7.11 distinctly show the 
existance of vortex shedding. These diagrams also show 
the acoustic resonance to become established at a 
frequency well removed from that of vortex shedding. 
9.4 BANK III XT = 2.0 XL = 2.34 
Figure 7.12 illustrates the Acoustic Strouhal 
number/row depth relationship for this geometry. Once 
again the only difference between this geometry and 
that previously tested is an increase in the 
longitudinal pitch to diameter ratio. As predicted by 
the theory this increase in pitch has resulted in a 
lower value of Acoustic Strouhal number, as explained 
in / 
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in Chapter 9.1 this increase in pitch will also cause a 
reduction in the acoustic damping. It is f or this 
reason that a very small variation in Acoustic Strouhal 
number was observed over the row depths investigated. 
The geometry also produced areas of increased 
response at velocities corresponding to the 3r instability 
region, an example of which is shown in figure 7.13. 
Nevertheless none of the banks investigated became 
unstable in this region. As with the previous geometry 
neither the second or third harmonics were excited 
prior to the onset of the first. This could be 
explained by the lower value of acoustic damping 
experienced in these banks, which prevented this 
phenomenon from occuring. 
Figure 7.13 shows a typical three dimensional 
plot for this geometry. This again showsthe frequency 
of vortex shedding to be well removed from that of the 
acoustic mode at resonance. 
9.5 BANK IV XT=1.34 XL = 1.34 
In this geometry both the longitudinal and 
transverse pitch to diameter ratio have been reduced. 
It is difficult to predict what the effect on the 
acoustic damping will be because the area and volume of 
the bank have been reduced. Similarily the surface area 
of the bank has increased considerably, due to the 
tube / 
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tube packing density, which will increase the viscous 
damping term. 
Figure 7.14 illustrates the Acoustic Strouhal 
number/row depth relationship for thisgeometry. Once 
again this geometry produced a resonance when only one 
row of tubes was present. As before this results will 
be ignored when assessing the overall row depth effect. 
In this geometrical configuration the 1st, 2nd 
and 3rd harmonics remained stable in the shallow banks. 
However, it can be seen from figure 7.14 that as the 
row depth increases, and the acoustic damping of each 
mode is reduced, the mode number for the first mode 
excited is reduced. This continues up to the maximum 
row depth tested at which point the second mode is 
the first to be excited. Had the row depth been 
increased sufficiently, then the first mode may have 
been excited. As can be seen from this diagram the. 
higher order modes fail to appear in the deeper banks. 
This is because the velocities required to excite these 
modes could no longer be attained by the test rig. 
The five row bank was the only bank in which the 
37r instability, region was excited. In this bank both 
the 130OHz and 1580Hz mode were excited in this region. 
In all the other banks the 7r region of instability was 
the only region excited, and all'the modes were excited 
in a regular sequence. 
In this geometry no evidence of vortex shedding 
was / 
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was detected by the measurement techniques used. 
9.6 BANK VXT *2 1.34 XL=1.67 
The main difference between this geometry and 
the previous one is that the longitudinal pitch to 
diameter ratio has been increased. As described in 
Chapter 9.1 this will result in a reduction in the 
acoustic damping term. Figure 7.18 illustrates the 
Acoustic Strouhal number / row depth effect for this 
geometry. As can be seen f rom. this diagram there are 
very few points where an acoustic resonance was 
established. In the case of the two row bank the 1st, 
2nd and 9th harmonics were all excited. The f irst 
harmonic was excited at a velocity of 10.2ms-1, 
remained for 2-3ms-1 and disappeared. This was 
followed by the excitation of the 9th harmonic at a 
velocity of 15.9ms-1 and the 2nd at 16ms-1. 
Increasing the row depth to 5 rows changed the 
response of the bank considerably, and only the 9th 
harmonic was excited. 
Further increase in the row depth meant that 
the rig could no longer achieve the velocity required 
to excite the 9th harmonic. With a row depth of ten 
rows a small peak in the spectra was observed at 
870Hz (which corresponds to the 3rd harmonic). 
Although this resonance did not become audible, it 
was / 
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was clearly identifiable in the spectra and was 
therefore recorded. No significant peaks were 
observed in the power spectra until a row depth of 40 
was reached. In this bank the second harmonic was 
excited, however this was achieved at the very limit 
of the rigs capabilities, see figure 7.20. once again 
this behaviour can be explained by the damping /row 
depth characteristics as described in chapter 9.1. 
Although the data for this geometry is very 
sparse, it can be seen from figure 8.2 that all the 
points fall well within the stability criterion. As 
with the previous geometry no evidence of vortex 
shedding was detected by the measurement techniques 
used. 
9.7 BANK IV XT = 1.34 XL2.0 
once again the only difference between this 
bank and that previously investigated was that the 
longitudinal pitch to diameter ratio had been 
increased. As explained in chapter 9.1 this will 
result in a reduction in the value of acoustic 
damping. Figure 7.21 illustrates theý acoustic 
Strouhal number / row depth relationship for this 
geometry. As can be seen the acoustic damping of the 
first mode was low enough to allow it to be excited 
in the shallow banks. In these banks some high order 
modes / 
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were excited at Strouhal numbers which corresponded 
to the 57T instability region. However when the row 
depth was increased to 10 rows, the velocity required 
to excite the modes observed previously was no longer 
attainable. It was not until the row depth had been 
increased to 20 rows that the damping became low 
enough, to allow the third harmonic to be excited in 
its 37T instability region. Further increase in row 
depth allowed the second harmonic to become 
established in the 37T instability region. However 
when the row depth was increased beyond 35 rows the 
velocity required to excite the third harmonic could 
no longer be attained. As can be seen f rom f igure 
7.21, the increase in longitudinal pitch has 
decreased the Acoustic Strouhal number f or the iT 
instability region, this is consistent with the 
behaviour predicted by the theoretical model. 
As in 'the previous banks no evidence of vortex 
shedding was detected by the measurement techniques 
adopted. 
. 9.8 GENERAL DISCUSSION 
The results f rom the row depth investigation 
has revealed the existance of a mechanism, which 
cannot be readily explained by the existing models. 
However the feedback model described in the previous 
chapter / 
229 
chapter has the facility to explain all the 
observations made. As mentioned in chapter 7 the 
frequency of the resonance was observed to increase 
with velocity. Similar observations have been made by 
ref. (D2). From equation 8.16 it can be seen that if 
6P 
the phase difference between Vs and ý-y is small, then 
the theory predicts that the frequency of the 
resonance will increase with velocity. 
The results from geometries with a transverse 
pitch to diameter ratio of 2.0 proved that vortex 
shedding could exist within deep banks. On inspection 
of the three dimensional diagrams for these banks, it 
may be observed that the vortex shedding peak becomes 
larger and more pronounced as the row depth is 
increased. This would suggest that there is some 
degree of correlation between the vortex shedding of 
adjacent rows which produces this increase in magnitude. 
Nevertheless in each bank investigated the acoustic 
resonance was always excited at some frequency well 
removed from that of vortex shedding. In addition to 
this the Strouhal number (vortex shedding) was found 
to remain constant for all the banks investigated. 
The Acoustic Strouhal number however was found to 
decrease with longitudinal pitch and could increase 
slightly with row depth. 
The frequency of the acoustic mode was observed 
to decrease as the row depth was increased. - 
(f 
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(f=295Hz - 248Hz for N=1 - 50, typically) Hence for 
three banks with a geometry of X T= 2.0 and X L= 1.67, the 
mode shape of the acoustic standing wave was measured. 
These results are shown in figures 7.28 to 7.30 and 
represent 38,18 and 8 row banks respectively. As can 
be seen from these diagrams it was the first transverse 
mode that was excited in each case. Therefore the 
change in frequency was caused by changes in the 
acoustic system brought about by the increase in row 
depth, as discussed in chapter 7.4. 
For the geometries with a transverse pitch to 
diameter ratio of 1.34 several modes were excited 
around the same mode number. As explained in chapter 
7.4 a full microphone tranverse of these banks could 
not be conducted, due to the high tube packing 
density. Although no data was available, it was felt 
reasonable to assume that these were all modes of the 
same transverse mode shape, but with different 
longitudinal mode shape. 
In almost all of the banks tested the acoustic 
resonancer once excited, producted a pure tone of 
constant amplitude. However in some of the banks with 
X 1.34 a modulated time series response was T 
produced. On investigation of the- power spectrum 
associated with these conditions it was revealed that, 
the modulation was caused by spectral interference of 
two very sharp peaks, closely spaced in the frequency 
domain. / 
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domain. Further increase in velocity f rom this point 
saw a reduction in one of the peaks, and the return to 
a sinusoidal response of constant amplitude. 
The results obtained in this investigation are 
summarised in figure 8.2, in the form of a graph of 
Reduced Velocity against longitudinal pitch to diameter 
ratio. This diagram shows the Reduced Velocity for 
instability to increase in direct proportion to the 
longitudinal pitch. However one would not expect the 
Reduced Velocity to increase indefinetly with 
longitudinal pitch. Therefore some upper limit must 
exist. The results obtained with 1 row of tubes is 
quite representative of a bank with an infinite 
longitudinal pitch (or at least a very large 
longitudinal pitch). Therefore these results could be 
considered as an indication of this limit and is 
indicated on figure 8.2 by a dotted line. 
The results for the 37r and Sn instabi-lity 
regions can be seen to be well within the bounds 
specified by the theory. However it was observed in the 
investigation of the XT=2.0, XL=1.67 banks, that 
the 7T instability region for the first mode could be 
excited at a lower velocity than the 37T region f or 
the second mode. As can be seen from figure 8.4, this 
is not consistant with the theoretical prediction. 
Hence it suggests that either the 7 region can occur at 
a lower velocity or the 37r region occurs at a higher 
velocity / 
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velocity than theoretically predicted. This discrepancy 
could be accounted for by some of the assumptions made 
in the theory. The theory ignored the presence of all 
the tubes, except for the production of the velocity 
component Vs. However the tubes, together with the 
associated pressure gradients around them, will have a 
definite effect on Vs, and the onset velocity. This is, 
to some extent, compensated for by the introduction of 
an effective cavity width in chapter 8.3. As Vs travels 
across the cavity some degree of decay in its 
magnitude will occur. This being due to viscous and 
turbulent shear stresses. This decay will effect all 
the instability regions, however it will be more 
pronounced for the higher order instability regions 
where there is a large phase shif t between Vs and 
6P 
6y, 
in this situation Vs opposes the production of an 
acoustic vibration at some points across the cavity 
width. Hence this decay could alter the point at which 
there is a net energy input to the system. The theory 
also assumes a constant velocity across the cavity. As 
shown by ref. F2, this assumption is not perfectly true 
and the velocity can vary throughout the width of the 
cavity. This effect should be quite small, however the 
effect on the higher order instability regions will be 
6 
more pronounced. It was also assumed that Vs and 6y were 
in phase, although this should be quite realistic there 
may be a small phase difference, especially at the 
higher / 
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higher reduced velocities. However this would only 
cause a small increase in the reduced velocity for 
onset of the 7 instability region. 
In figures 7.31 - 7.35 the acoustic 
damping/velocity relationships for various row depths 
of the XT = 2.0, XL '2 1.67 geometry are illustrated. 
The results shown in figure 7.31 were obtained prior to 
the alteration in measurement technique. Therefore 
these results are limited to the lower velocities and 
do not show any clear trends. In the case of figures 
7.32 - 7.35 a dramatic decrease in the damping is 
experienced when the onset velocity is approached. Some 
typical transfer function phase and coherence results 
are shown in figures 7.38 - 7.42. These results were 
obtained from the 12 row bank, (velocity indicated on 
each diagram) and clearly shows the change in damping 
illustrated by the previous diagrams. This result 
verifies the approach taken by the feedback model; that 
is, the acoustic resonance is self excited-If this had 
been a resonance condition, then no change in damping 
would have been indicated. Also when the forcing 
frequency came close to the natural frequency of the 
mode, then the coherence (which indicates the signal to 
noise ratio) would have fallen to a low value because 
the exciting force would appear as noise. As can be 
seen from figure 8.5 the theory gives a very close 
approximation of the acoustic damping behaviour for the 
Tr / 
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7T instability region. 
The assumption that the acoustic resonance is a 
self excited mechanism is further substantiated by the 
results in figures 7.35 - 7.37. These diagrams 
illustrate the results obtained when the acoustic 
damping of the tunnel was increased. In figure 7.35 the 
damp ing/ve loc ity relationship in the 12 row bank, is 
shown for the standard and increased damping values. 
unfortunately the increase in damping was not large 
enough to be detected by the instrumentation when no 
air flow was present. Nevertheless a 14% increase in 
the onset velocity was obtained. 
The three dimensional plot in figure 7.37, shows 
the result obtained when the acoustic damping was 
further increased. This increase was obtained by using 
the piston cut out as an additional radiator. This of 
course meant that no damping measurement could be made. 
Nevertheless the effect is obvious. As shown in this 
diagram no evidence of a resonance is detected until a 
velocity of 36ms-1, at which point the peak had reached 
110dB. This peak is very sharp and the onset velocity 
has increased by a value in excess of 38%. 
Resonant systems and self excited systems respond 
in a very different way to an increase in damping. 
Where as in a simple resonant system and increase in 
damping will produce a decrease in amplitude, (and 
increase in bandwidth) a small increase in damping in 
a/ 
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a self excited system can eliminate vibration 
completely. Clearly these results show that the 
acoustic mechanisms behaviour is consistant with that 
of a self excited system. 
To conclude this chapter a summary of some of 
the more important points from the previous section shall 
be presented: 
1. It has been clearly shown that vortex shedding is 
not the mechanism responsible for the excitation of the 
acoustic resonance. 
2. The vortex shedding peak becomes more pronounced 
as the bank depth is increased. 
3. The Strouhal numbers derived inthis investigation 
show good correlation with the Strouhal number map 
presented by ref. M4. 
4. The mode of acoustic vibration excited in banks 
I, II and III was the transverse mode of the bank. 
5. The frequency of the acoustic resonance, once excited 
was observed to increase with velocity. 
6. The Acoustic Strouhal number was observed to vary 
in indirect proportion to the longitudinal pitch. 
7. The same mode of vibration can be excited in 
several different velocity, regions. This can result in 
modes being excited several times or the modes being 
excited in an irregular sequence. 
8. The behaviour of the acoustic mechanism has been 
shown/ 
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shown to be consistant with that of a self excited 
system. 
9. The feedback model, as presented in chapter 8 has 
been shown to describe the behaviour of the mechanism 
very accurately. It also has the facility to account 
for all the observations made in this investigation. As 
explained previously some of the assumptions made in 
the theory are over simplifications of the actual 
situation, nevertheless, the model does give useful 
insight to the mechanism - responsible for this 
phenomenon. 
9.9 DESIGN PROCEDURE 
The results from this investigation have clearly 
shown that tube vibration and the acoustic resonance 
phenomena must be treated separately. When designing a 
tube bank to be 'free from vortex induced tube 
vibrationst then a Strouhal number correlation where 
the data has been derived by a non acoustic technique 
should be used. That is a technique which does not rely 
on the acoustic response of the bank e. g. tube 
vibration, vortex peaks in the pressure spectra, hot 
wire anemometry, etc. An example of such a correlation 
is shown in figure 2.9. The Strouhal numbers from such 
a correlation can then be reliably used to predict 
vortex induced tube vibration. 
It is clear from the results presented in this 
study that the conditions under which damaging acoustic 
responses / 
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responses occur are very dependent on the damping 
offered to the acoustic mode. However the results do 
indicate that the excitation of the w region of 
instability will not occur for values of 
U< 2(X 0.5) Td- L- 
AS the tube pitch to diameter ratios are 
increased the frequency of vortex shedding will be 
allowed to approach that of the acoustic resonance. 
Therefore one must ensure that these frequencies do not 
coincide. However due to the Strouhal numbers 
associated with the two phenomena this should only be 
possible for longitudinal pitches of 2.5 and greater. 
Therefore for these tube spacings the value of 
U 
fd 
should be kept below 4.5 to ensure the absence of any 
acoustic resonances, see figure 8.2. 
It is uncertain what value of acoustic damping 
will be encountered in a full size heat exchanger. 
Nevertheless the existence of the higher order regions 
of instability must be considered. The theory predicts 
that these regions will occur for ýý-a = 37,57, etc. For U 
the banks with a transverse pitch to diameter ratio of 
2.0, which were investigated in this study, the 
S. P. L. s, produced in these regions, were not of 
practical significance. However in the case of the 
banks with a transverse pitch to diameter ratio of 1.34 
the 37r region produced very large S. P. L. s. Hence it 
would seem from the data available that these regions 
are / 
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are of little practical significance f or banks with a 
large transverse tube spacing, however they must be 
considered in banks with small transverse tube 
spacings. This could be due to the smaller value of 
open area in these banks which, as described in chapter 
9.1, reduces the value of the radiation damping term. 
Therefore the higher order instability regions can be 
excited. 
Current design procedures allow for the insertion 
of baffle plates between the tube columns. The 
insertion of such a plate reduces the cavity width and 
therefore increases the acoustic frequency. This will 
have the effect of moving the operating point 
vertically downwards on figure 8.2. If these measures 
can not be used and it is not possible to operate 
within these bounds, then model tests should be 
undertaken. However the model should be designed to 
ensure that the acoustic damping is similar to that of 
the prototype. This implies that a comparable row 
depth, scale and wall stiffness should be used. 
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10.0 CONCLUSIONS 
The three dimensional plots of S. P. L. / frequency 
velocity for banks I, II and III clearly show the 
existence of a velocity dependant peak with the 
characteristics of vortex shedding. These plots also 
show the vortex shedding peak to be well removed from 
the frequency of acoustic resonance when the resonance 
is first initiated. The results have also shown the two 
mechanisms to respond quite differently to changes in 
the banks geometry. The Acoustic Strouhal number was 
found to be inversley proportional to the longitudinal 
pitch, while the Strouhal number remained constant for 
banks I, II and III. However when the transverse pitch 
was reduced in banks IV, V and VI no evidence of vortex 
shedding was detected. In banks I, II and III it was 
found that the Acoustic Strouhal number was reduced in 
shallow banks and stabilised to a constant value as the 
row depth was increased. The only row depth effect 
noticed for the Strouhal number was that the vortex 
shedding peak was seen to become more pronounced as the 
row depth was increased. On this basis it is concluded 
that vortex shedding is not the mechanism which is 
responsible for exciting the acoustic resonance in 
tightly packed banks. It was also shown that none of the 
main theories on the acoustic phenomenon could 
satisfactorily explain the mechanism or its complex 
nature. / 
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nature. 
The results obtained by measuring the acoustic 
damping under f low conditions shows that the acoustic 
damping tends towards zero as the onset velocity is 
approached. This suggests that some sort of feedback 
mechanism is responsible for the sudden onset of high 
noise levels. The results have also shown that the 
velocity at which these high noise levels occur is very 
sensitive to variations in the acoustic damping. Small 
increases in this parameter have been seen to cause a 
mode to disappear. This behaviour supports the idea of 
a feedback mechanism and- is in direct contrast to the 
behaviour of a resonant system. In the case of a 
resonant system, a small increase in damping will result 
in a reduction in the amplitude and frequency of 
vibration, together with an increase in the bandwidth 
of the resonant peak. It can be observed from the 
results that each time a resonance was excited the peak 
was practically a pure tone. (regardless of the initial 
damping). The results also demonstrate that if the 
acoustic damping was sufficiently large it could cause a 
mode of vibration to be missed completely. 
Chapter 8 shows the development of the theortical. 
model. As can be seen this approach has the f acility 
to accommodate all the observations made in this study. 
For example the theory predicts the existance of 
additional "resonant" zones at 
ýLa 
= 37T, 5w etc. The u 
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results from the experiments also revealed the 
existence of such zones. Likewise the variation of 
acoustic damping with velocity, as predicted by the 
theory, gives a good representation of that measured in 
the tunnel. 
Finally when designing an in-line cross flow heat 
exchanger, with plain tubes, then the guidelines in 
Chapter 9.9 should be followed to predict the conditions 
required for acoustic resonances and vortex induced tube 
vibration. 
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11.0 FURTHER WORK 
Although the work described herein has gone some 
way in explaining the anomalies in the literature, there 
are some questions which remain unanswered. It is 
therefore felt that the following work would be a 
logical progression of the research in this field: 
1) The present work was restricted to in-line arrays. 
Although, in general, good agreement between Acoustic 
Strouhal Numbers and Strouhal Numbers have been obtained 
for staggered arrays, some inconsistancies have been 
observed (ref. B6 and Z4). A study similar to the 
present could be carried out to establish if vortex 
shedding is responsible for the acoustic resonance, or 
if a similar mechanism to that observed in this study 
exists for irregular arrays. 
2) Many heat exchangers employ the use of finned tubes 
to improve the heat transfer characteristics of the 
bank. The ef f ect of using f inned tubes on the acoustic 
system could possibly be accounted for by using an 
equivalent diameter for the tube. This might be achieved 
in a similar manner to that used f or vortex shedding. 
Nevertheless this is an area where uncertainty does 
exist and the effect of various sizes of fin should be 
investigated. 
3) Some further work should also be done to quantify the 
damping values to be incorporated in the acoustic 
model. / 
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model. This should include the following areas of work: 
a) Gather data from existing plant and establish typical 
values of acoustic damping in such equipment. 
b) To evaluate the acoustic damping required to 
stabilise a mode of vibration in various different 
geometries. This would establish how the geometry, 
particularily the transverse geometry, effects this 
requirement. This work should include an 'investigation 
of the requirements for the higher order stability 
regions and modes of vibration. 
c) Using the information obtained in a) and b) a full 
design criterion could be formulated. This would indicate 
the geometries, dampings etc that will cause a region 
or mode to become unstable. 
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APPENDIX 1 
ROW DEPTH RESULTS 
r-BANK 
GEOMETRY XT= 2.0 XL=1.67 
I 
BANK DEPTH 1 ROWS 
ACOUSTIC FREQUENCY 295 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
16.33 105 
, 17.56 124 
18.12 130 
19.55 148 
ACOUSTIC STROUHAL NUMBER 
S `2 0.16 3 A' 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUEN CY 870 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.35 --- 
12.54 120 
13.08 --- 
ACOUSTIC STROUHAL NUMBER 
; 
SA= 0.659 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 288_Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
15*99 108 
16.37 112 
16.42 lis 
16-56 14R 
ACOUSTIC STROUHAL NMABER 
SAý- 0.161 
255 
[--BANK 
GEOMETRY xT=2.0 XL= 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 280 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
16.18 100 
16.65 104 
17.20 110 
17.33 148 
ACOUSTIC STROUHAL NUMBER 
ISAý- 
0.154 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 840 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
15.7 98 
16.18 106 
16.65 116 
17.2 124 
17.33 90 
ACOUSTIC STROUHAL NUMBER 
SAý- 0.471 
BANK DEPTH 10 ROWS 
ACOUSTIC FREQUENCY 285 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.88 100 
14-47 115 
14 SA 11A 
14.95 148 
ACOUSTIC STROUHAL NUZIBER 
SA': 0.182 
256 
[ 
BANK GEOMETRY XT= 2. OXL= 
BANK DEPTH 12 ROWS 
ACOUSTIC FREQUENCY 285 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
12.75 104 
13.25 104 
13.93 116 
. 
14.10 154 
ACOUSTIC STROUHAL NUMBER 
S A= 0.194 
BANK DEPTH 12 ROWS 
ACOUSTIC FREQUENCY 515 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
11.17 83 
11-71 92 
12-03 116 
ACOUSTIC STROUHAL NUMBER 
SAý-' 0.407 
BANK DEPTH 18ROWS 
ACOUSTIC FREQUENCY 272 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
11.91 108 
19 n-a 
l2-n7 157 
ACOUSTIC STROUHAL NUMBER 
SA-2 0.215 
257 
[-BANK 
GEOMETRY XT= 2.0 XL= 
BANK DEPTH 23 ROWS 
ACOUSTIC FREQUENCY 268 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.6 104 
11.07 108 
11.44 118 
11.48 154 
ACOUSTIC STROUHAL NUMBER 
SAý 0.222 
BANK DEPTH 28 ROWS 
ACOUSTIC FREQUENCY 250 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
5.04 92 
5.55 106 
5.76 120 
ACOUSTIC STROUHAL NUMBER 
SA= 0.413 
BANK DEPTH 28 ROWS 
ACOUSTIC FREQUENCY 265 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
9.81 98 
10.71 104 
11.31 116 
11.41 156 
ACOUSTIC STROUHAL NUMBER 
SAý 0.223 
258 
[ BANK GEOMETRY XT= 2.0 XL= 
BANK DEPTH 33 ROWS 
ACOUSTIC FREQUENCY 255 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.00 100 
10.78 110 
11.00 1 if; 
11.07 152 
ACOUSTIC STROUHAL NUMBER 
SA = 0.220 
BANK DEPTH 38 ROWS 
ACOUSTIC FREQUEN CY 252 Hz 
VELOCITY ,U 
(m/s) 
S. P. L. 
(dB) 
10.00 100 
10.71 112 
10.82 114 
10. R6 154 
ACOUSTIC STROUHAL NUl. lBER 
I SA"ý 0.221 
--1 
BANK DEPTH 43 ROWS 
ACOUSTIC FREQUENCY 248 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
5.67 102 
(;. R5 90 
ACOUSTIC STROUHAL NUABER 
I 
SA2 0.409 
259 
17ýjýXNK 
GEOMETRY XT= 2.0 XL 
BANK DEPTH 43 ROWS 
ACOUSTIC FREQUENCY 252 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
9.41 93 
10.31 101 
10.71 116 
10.75 152 
ACOUSTIC STROUHAL NUMBER 
SA=0.223 
BANK DEPTH 49 ROWS 
ACOUSTIC FREQUENCY 250 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
9.41 96 
10.00 108 
10.27 150 
ACOUSTIC STROUHAL NUMBER 
SA-'ý 0.236 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
ACOUSTIC STROUHAL NMABER 
SA" 
260 
[ 
BANK GEOMETRY XT= 2.0 XL= 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUEN CY 294 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.65 106 
13.99 116 
14.26 142 
16.18 152 
ACOUSTIC STROUHAL NUMBER 
I 
SA= 0-199 
1 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 292 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.78 108 
13.08 126 
13.43 142 
13.93 148 
ACOUSTIC STROUHAL NUIJBER 
SA= 0.214 
BANK DEPTH 4 ROWS 
ACOUSTIC FREQUENCY 292 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
12.29 --- 
12.54 114 
12-72 142 
ACOUSTIC STROURAL NUrABER 
SA"': 0.221 1 
261 
BANK GEOMETRY XT= 2.0 XL= 2-0: 
1 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 292 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(d B) 
12.54 112 
12.66 120 
12.84 140 
13.71 150 
ACOUSTIC STROUHAL NUMBER 
SA = 0.219 
BANK DEPTH 6 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.9 114 
13.02 126 
13.14 144 
ACOUSTIC STROUHAL NUMBER 
S "ý 0.214 A' 
BANK DEPTH 7 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
13.28 --- 
13.77 122 
ll-R2 150 
ACOUSTIC STROUHAL NU? ABER 
SAý-- 0.201 1 
262 
BANK GEOMETRY XT= 2.0 xL= 2.0 
[7- 
BANK DEPTH 8 ROWS 
ACOUSTIC FREQUENCY 288 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.19 112 
13.71 120 
14.37 152 
ACOUSTIC STROUHAL NUMBER 
SA=0.200 
BANK DEPTH 9 ROWS 
ACOUSTIC FREQUENCY 285 HZ 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.02 112 
13.31 124 
13.71 147 
ACOUSTIC STROUHAL NUMBER 
SA= 0.204 1 
BANK DEPTH 10 ROWS 
ACOUSTIC FREQUENCY 285 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.13 112 
12-57 12n 
12.69 152 
ACOUSTIC STROUHAL NUMBER 
SA`- 0.215 
263 
BANK GEOMETRY XT=2.0 XL=2.0 
BANK DEPTH 11 ROWS 
ACOUSTIC FREQUENCY 282 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
12.04 106 
12.29 118 
12.72 142 
ACOUSTIC STROUHAL NUMBER 
SA"ý 0.218 
BANK DEPTH 13 ROWS 
ACOUSTIC FREQUEN CY 280 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.41 105 
12.90 124 
13.02 144 
ACOUSTIC STROUHAL NUMBER 
ISA = 
0.208 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUENCY 278 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.29 112 
12.78 125 
12.90 150 
j 
ACOUSTIC STROUHAL NUMBER - 
ISAI-- 0.210 
264 
FBANK 
GEOMETRY xT= 2.0 XL = 2.0 
1 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY 268 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
11.03 98 
11.78 112 
12.1 142 
ACOUSTIC STROUHAL NUMBER 
SA"4 0.215 
BANK DEPTH 24 ROWS 
ACOUSTIC FREQUENCY 265 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
11.74 112 
12.04 118 
12.16 152 
ACOUSTIC STROUHAL NUMBER 
SA"ý 0.209 1 
BANK DEPTH 28 ROWS 
ACOUSTIC FREQUENCY 260 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
11.07 102 
11.94 120 
11 -97 14R 
ACOUSTIC STROUHAL NUMBER 
SA"' 0.207 
265 
I BANK GEOMETRY XT= 2-0 XL= 2. 
BANK DEPTH 24 ROWS 
ACOUSTIC FREQUENCY 260 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.25 110 
13.48 122 
13.71 150 
ACOUSTIC STROUHAL NUMBER 
SAý0-183 
BANK DEPTH 31 ROWS 
ACOUSTIC FREQUEN CY 255 Hz 
VELOCITY U 
(m/s) 
St. P. L. 
(dB) 
12.41 --- 
13.31 114 
13.54 150 
ACOUSTIC STROUHAL NUMBER 
ISA=0'182 ____j 
BANK DEPTH 42 ROWS 
ACOUSTIC FREQUENCY 250 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.78 112 
12.96 119 
13.14 128 
13.25 154 
ACOUSTIC STROUHAL NUMBER 
SAý 0.183 
266 
I 
BANK GEOMETRY xT= 2.0 XL'ý 2.34 
1 
BANK DEPTH 12 ROWS 
ACOUSTIC FREQUENCY 278 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.28 104 
13.77 114 
13.93 120 
. 14.10 
138 
ACOUSTIC STROUHAL NUMBER 
SA =0.19 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUEN CY 270 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.41 98 
13.02 110 
1: 3-111 132 
1R-. 54 142 
ACOUSTIC STROUHAL NUMBER 
SA"ý 0.195 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY 262 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.29 98 
13.19 110 
13.40 136 
VA-54 lqR 
ACOUSTIC STROUHAL NUMBER 
SA'2 0.187 
267 
F-BANK GEOMETRY XT= 2.0 XL= 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
14.41 102 
14.95 119 
15.20 140 
16.37 146 
ACOUSTIC STROUHAL NUMBER 
S Aý 0.184 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.60 110 
14.04 124 
14.42 148 
ACOUSTIC STROUHAL NMBER 
I 
SA= 0.196 
BANK DEPTH 9 ROWS 
ACOUSTIC FREQUENCY 282 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
13.14 102 
13.54 114 
13-71 128 
14.15 138 
ACOUSTIC STROUHAL NTRIBER 
SA2 0.197 
268 
F-BANK GEOMETRY XT= 2.0 XL= 
BANK DEPTH 32 ROWS 
ACOUSTIC FREQUENCY 258 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.72 104 
11.71 122 
11.78 158 
- ACOUSTIC i TROUHAL NUMBER 
ISA= 
0.211 
BANK DEPTH 45 ROWS 
ACOUSTIC FREQUENCY 252 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
11.38 105 
11.78 117 
11.91 150 
ACOUSTIC STROUHAL NUMBER 
SA'2 0.203 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
ACOUSTIC STROUHAL NMABER 
SAý-- 
269 
F 
BANK GEOMETRY XT= 1.34XL=1.34 
I 
BANK DEPTH 1 ROWS 
ACOUSTIC FREQUENCY 293 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
9.53 90 
10.75 138 
11.03 140 
ACOUSTIC STROUHAL NUMBER 
SA= 0.137 
BANK DEPTH 1 ROWS 
ACOUSTIC FREQUENCY 590 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
17.90 102 
18.37 116 
19.03 126 
19.23 142 
ACOUSTIC STROUHAL NUMBER 
ISA= 
0.153 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 1170 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.31 108 
13.77 118 
14.42 122 
15.05 116 
15.85 116 
ACOUSTIC STROUHAL NUMBER 
SAý'- 0.400 
270 
BMK GEOMETRY XT= 1.34 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUEN CY 1240 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.31 108 
13.77 116 
14.42 138 
15.05 122 
15.85 122 
ACOUSTIC STROUHAL NUMBER 
SA = 0.431 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUEN CY 1440 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
13.77 104 
14.42 116 
15.05 128 
15.85 142 
ACOUSTIC STROUHAL NUMBER 
SA'ý 0.474 1 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 1410 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
16.28 110 
16.37 114 
16.84 140 
ACOUSTIC STROUHAL NUABER 
I 
SAý 0.413 
1 
271 
I BANK GEOMETRY XT= 1.34 XT, = 1.34-1 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUEN CY 1300 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
9.37 94 
9.69 118 
10.16 122 
ACOUSTIC STROUHAL NUMBER 
S A=0.631 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 1360 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
15.9 --- 
16.42 114 
16.65 148 
ACOUSTIC STROUHAL NUMBER 
. 
SA=0.398 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 1580 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
11.24 110 
11.58 112 
12.03 122 
d 
ACOUSTIC STROUHAL Nt?, JBER 
SAý-- 0.638 
272 
BANKGEOMETRY XT= 1.34XL=1.34 
BANK DEPTH 9 ROWS 
ACOUSTIC FREQUEN CY 810 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
9.12 96 
-9., 
85 138 
10.89 138 
ACOUSTIC STROUHAL NUMBER 
SA =0.410 
BANK DEPTH 9 ROWS 
ACOUSTIC FREQUEN CY 1100 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.66 100 
12ý72 138 
13.52 136 
ACOUSTIC STROUHAL NUMBER 
SA=0.418 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUENCY 770 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
9.53 110 
9.73 120 
10.01 130 
10.82 132 
j 
ACOUSTIC STROUHAL NU? JBER - - 
SA2'0.381 
273 
[-BANK 
GEOMETRY XT= 1.34 XL= 1.341 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUENCY 860 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.01 108 
10.82 116 
11.51 118 
12.10 124 
ACOUSTIC STROUHAL NUMBER 
SA=0.354 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUEN CY 980 Hz 
VELOCITY 
.U 
(m/s) 
S. P. L. 
(dB) 
12.10 --- 
12.35 124 
1 
ACOUSTIC STROUHAL NUMBER 
ISA= 
0.384 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY 740 Hz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
8.95 
9.25 130 
10.35 132 
ACOUSTIC STROUHAL NUTABER 
SA' 0.388 
274 
BANK GEOMETRY xT= 1.34XL=1.34 
BANK DEPTH 25 ROWS 
ACOUSTIC FREQUEN CY 820 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
8.60 --- 
9.20 120 
9.69 152 
10.53 156 
ACOUSTIC STROURAL NUMBER 
SA'". 429 
BANK DEPTH 30 ROWS 
ACOUSTIC FREQUENCY 520 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
5.55 106 
5.95 110 
6.39 115 
6.68 117 
7.24 130 
ACOUSTIC STROUHAL NUMBER 
SA =0.369 
BANK DEPTH 30 ROWS 
ACOUSTIC FREQUENCY 730 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
8.19 112 
8.42 118 
8.69 124 
8.95 148 
ACOUSTIC STROUHAL NOIBER 
SAý--O. 411 
275 
BANK GEOMETRY XT= 1.34 XL= 1.34 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY 650 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.35 --- 
10.82 116 
11.14 136 
ACOUSTIC STROUHAL NUMBER 
SA = 0.376 
BANK DEPTH 25 ROWS 
ACOUSTIC FREQUENCY 520 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
6.21 108 
6.63 118 
6.91 124 
7.55 128 
ACOUSTIC STROUHAL NUMBER 
I 
SA = 0.375 1 
BANK DEPTH 25 ROWS 
ACOUSTIC FREQUENCY 750 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
- (dB) 
8.23 --- 
8.60 118 
9.20 146 
ACOUSTIC STROUHAL NUMBER 
SA" 0.416 
276 
BANK GEOMETRY XT= 1.34 XL 
BANK DEPTH 30 ROWS 
ACOUSTIC FREQUENCY 790 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
8.69 --- 
8.95 116 
9.29 126 
'9.45 138 
9.69 148 
ACOUSTIC STROUHAL NUMBER 
SAý 0.419 
BANK DEPTH 42 ROWS 
ACOUSTIC FREQUENCY 500 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
5.69 
6.02 112 
6.33 118 
6.85 124 
ACOUSTIC STROUHAL NUMBER 
SA= 0.370 1 
BANK DEPTH 42 ROWS 
ACOUSTIC FREQUENCY 580 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
6.85 --- 
7.45 118 
7.85 124 
8.28 122 
ACOUSTIC STROUHAL NVABER 
SA` 0.370 
-1 
277 
BANK GEOMETRY xT= 1.34 XL= 1.3fl 
BANK DEPTH 42 ROWS 
ACOUSTIC FREQUENCY 640 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
7.85 --- 
8.28 118 
8.42 126 
8.69 128 
ACOUSTIC STROUHAL NUMBER 
SA = 0.370 
BANK DEPTH 42 ROWS 
ACOUSTIC FREQUEN CY 700 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
8.28 116 
8.42 122 
8.69 142 
ACOUSTIC STROUHAL NUMBER 
SA = 0.403 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
ACOUSTIC STROUHAL NMABER 
SA2 
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BANK GEOMETRY XT=1.34 XL=1.671 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 292 Hz 
VELOCITY U 
(m/s ) 
S. P. L. 
(d B) 
- 9.61 106 
10.16 112 
10.96 140 
ACOUSTIC STROURAL NUMBER 
SA =0.136 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 580 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
14.04 104 
15.40 110 
15.85 118 
16.18 154 
ACOUSTIC STROUHAL NUMBER 
SA=0.176 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 2650 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
14.69 106 
15.25 116 
15.99 128 
ACOUSTIC STROUHAL NMABER 
SA2--0.824 
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F-BANK 
GEOMETRY XT=, l_-34X ' L2 
BANK DEPTH 5 ROWS 
ACOUSTIC FREQUENCY 2480 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
13.65 102 
14.63 108 
15.20 120 
15.94 114 
ACOUSTIC STROUHAL NUMBER 
SA=0.786 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
I 
ACOUSTIC STROUHAL NUMBER 
SA = 
__j 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
ACOUSTIC STROUHAL NUMBER 
SA'2 
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[77BANK GEOMETRY XT= 1.34 
BANK DEPTH 10 ROWS 
ACOUSTIC FREQUEN CY 870 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
11.24 108 
11.48 116 
11.78 110 
ACOUSTIC STROUHAL NUMBER 
SAý0.365 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUEN CY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
0 
04b, 
1417, 
tý 
0. 
I ACOUSTIC STROUHAL NUMBER 
ISA = ___j 
BANK DEPTH 19 ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
4,0 
lpol 
q: o 
I 
ACOUSTIC STROURAL NUMBER 
SA" 
I 
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BANK GEOMETRY XT= 1.34 XL= 1.67 
BANK DEPTH 25 ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
40- 
9, 
ACOUSTIC STROUHAL NUMBER 
S A: -- 
BANK DEPTH 30 ROWS 
ACOUSTIC FREQUEN CY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
4-- 
-- 
O_ 
-- 0 
ACOUSTIC STROUHAL NUMBER 
SA =I 
BANK DEPTH 40 ROWS 
ACOUSTIC FREQUENCY 640 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
7.75 --- 
8.42 126 
8.51 118 
ACOUSTIC STROUHAL NUMBER 
SAr- 
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[-BANK 
GEOMETRY XT= 1.34 XL= 2.0 
1 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
8.42 96 
9.45 104 
9.69 128 
10.16 140 
10.82 156 
ACOUSTIC STROUHAL NUMBER 
SA = 0.145 
1 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUEN CY 318 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.02 100, 
14.04 126 
14.53 --- 
ACOUSTIC STROUHAL NUMBER 
SA = 0. ill 
BANK DEPTH 2 ROWS 
ACOUSTIC FREQUENCY 350 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
13.02 108 
14.04 130 
14.53 150 
ACOUSTIC STROUHAL NUMBER 
I 
SA2'- 0.124 
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BANK GEOMETRY XT= 1.34XL=2.0 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 295 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
9.45 104 
9.77 116 
9.89 126 
10.08 144 
ACOUSTIC STROUHAL NUMBER 
ISA=0'145 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 318 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.41 104 
13.60 124 
14.10 124 
ACOUSTIC STROUHAL NUMBER 
SA=0'115 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 350 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.41 110 
14.10 110 
14.21 150 
ACOUSTIC STROUHAL NUMBER 
SA"20-119 
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F-BANK 
GEOMETRY XT= 1.34 XL= 2 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUENCY 2200 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
14.21 --- 
15.35 128 
16.18 132 
ACOUSTIC STROUHAL NUMBER 
S `ý 0.693 A" 
BANK DEPTH 3 ROWS 
ACOUSTIC FREQUEN CY 2600 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
15.35 
16.18 120 
ACOUSTIC STROUHAL NUMBER 
SA'ý 0.775 
BANK DEPTH 4 ROWS 
ACOUSTIC FREQUENCY 290 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
8.91 98 
10.75 112 
11.03 152 
ACOUSTIC STROUHAL NUMBER 
, 
SAO 0.129 
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I BANK GEOMETRY XT= 1.34 XL= 2.0 
1 
BANK DEPTH 4 ROWS 
ACOUSTIC FREQUENCY 680 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
14.53 112 
14.69 114 
15.45 136 
15.90 142 
ACOUSTIC STROUHAL NUMBER 
SA = 0.22 
BANK DEPTH 4 ROWS 
ACOUSTIC FREQUEN CY 1900 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
12.44 108 
12.96 120 
14.15 126 
14.42 120 
14-53 120 
ACOUSTIC STROUHAL NUMBER 
SA= 0.677 
BANK DEPTH 4 ROWS 
ACOUSTIC FREQUENCY 2100 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
14.42 --- 
14.53 118 
14 . 69 120 
15.45 122 
ACOUSTIC STROUHAL NUlABER 
SA"' 0.689 
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F-BýýK 
GEOMETRY XT= 1.34XL= 2.0 
BANK DEPTH 10 ROWS 
ACOUSTIC FREQUEN CY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
ýclb 
ACOUSTIC STROUHAL NUMBER 
SA =I 
BANK DEPTH 15 ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
t 
1-1p, 
06 
A OUSTIC STROUHAL NUMBER 
SA =I 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
8.91 112 
9.16 124 
9.61 136 
132 
ACOUSTIC STROUHAL NMABER 
SA"- 0.441 
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F-BANK GEOMETRY XT= 1.34 X 
BANK DEPTH 20 ROWS 
ACOUSTIC FREQUENCY 980 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
10.01 --- 
10.46 114 
10.89 132 
A 
ACOUSTIC STROUHAL NUMBER 
SA"2 0.446 
BANK DEPTH. 25 ROWS 
ACOU, 'TIC FREQUEN CY 660 Hz 
VELO, 'ITY U 
0/s) 
S. P. L. 
(dB) 
,. 34 108 
7.45 110 
7.85 132 
8.51 142 
ACOUSTIC STROUHAL NUMBER 
I SA= 0.416 1 
BANK DEPTH 25 ROWS 
ACOUSTIC FREQUENCY 820 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
8.51 112 
9.04 128 
9.45 132 
9.69 136 
ACOUSTIC STROUHAL NL71ABER 
SA"' 0.450 
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BANK GEOMETRY XT=1.34 XL=2.0 
.W 
BANK DEPTH 35 ROWS 
ACOUSTIC FREQUENCY 610 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(d B) 
7.08 ---- 
7.45 120 
7.70 128 
ACOUSTIC STROUHAL NUMBER 
S `2 0.394 A' 
BANK DEPTH 35 ROWS 
ACOUSTIC FREQUENCY 680 Fz 
VELOCITY u 
(m/s) 
S. P. L. 
(dB) 
7.70 112 
7.90 140 
8.46 144 
ACOUSTIC STROUHAL NUMER, 
SA'ý 0.423 1 
BANK DEPTH 40 ROWS 
ACOUSTIC FREQUENCY 570 Hz 
VELOCITY U 
(M/S) 
S. P. L. 
(dB) 
6.33 --- 
6.74 122 
ACOUSTIC STROUHAL NUMBER 
SAý- 0.408 
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F- B -NK GEOMETRY XT= 1.34XL= 2.0 A 
BANK DEPTH 40 ROWS 
ACOUSTIC FREQUENCY 
VELOCITY U 
(m/s) 
610 Hz 
S. P. L. 
(d B) 
6.74 --- 
7.13 130 
7.50 132 
ACOUSTIC STROUHAL 
S A4-'0.419 
NUMBER 
BANK DEPTH 40 ROWS 
ACOUSTIC FREQUENCY 680 Hz 
VELOCITY U 
(m/s) 
S. P. L. 
(dB) 
7.50 108 
7.80 134 
8.04 144 
ACOUSTIC STROUHAL NUMBER 
SA =0.428 
BANK DEPTH ROWS 
ACOUSTIC FREQUENCY 
VELOCITY U 
(m/s) 
Hz 
S. P. L. 
(dB) 
ACOUSTIC STROUHAL 
SA' 
NOMER 
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APPENDIX 2 
DAMPING / VELOCITY RESULTS 
xT `2 2.0 XL "4 1.67 
N= 38 rows 
VELOCITY Um 
M/s 
Q-FACTOR 
0 14.4 
5.6 13.6 
. 
5.8 12.9 
8.2 11.8 
9.9 11.3 
10.5 13.6 
11.9 13.6 
12.2 25.8 
13.8 17.3 
17.0 15.2 
18.7 36.9 
19.4 36.9 
292 
xT :-2.0 xL `ý 1.67 
N= 18 rows 
VELOCITY Um 
M/S 
Q-FACTOR 
0 19.4 
2.5 17.0 
5.6 18.2 
6.6 17.0 
7.9 15.1 
9.6 18.2 
12.4 22.7 
15.9 21.0 
18.5 21.0 
19.4 24.8 
20.8 24.8 
22.1 38.8 
24.3 90.8 
25.0 136.0 
293 
XT = 2.0 XT. = 1.67 
N=8 rows- 
VELOCITY U 
M/S 
m Q-FACTOR 
0 56.9 
5.0 47.5 
7.9 47.5 
11.2 71.3 
13.9 47.5 
15.7 56.9 
18.2 47.5 
20.0 47.5 
22.1 95.2 
22.9 72.9 
23.9 95.2 
24.1 142.9 
294 
xT 'ý 2.0 xL `ý 1.67 
N= 43 rows 
VELOCITY Um 
M/S 
Q-FACTOR 
0 18.1 
3.0 16.8 
5.6 17.5 
8.6 17.6 
9.9 15.9 
11.2 16.2 
11.9 16.7 
12.4 17.5 
13.6 14.6 
14.2 16.8 
15.4 19.6 
15.8 22.1 
16.3 21.5 
17.2 32.9 
18.7 51.3 
20.0 64.2 
20.7 164.7 
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xT `2 2.0 XL 'ý 1.67 
N= 12 rows 
VELOCITY 
M/S 
Q-FACTOR 
0 31.6 
3.9 28.5 
5.0 31.6 
6.8 31.6 
7.9 28.5 
10.8 35.6 
12.4 31.6 
13.6 31.6 
14.0 31.6 
15.7 26.0 
18.1 31.6 
20.1 28.5 
21.1 40.8 
22.2 47.5 
24.2 71.3 
25.3 142.5 
NORMAL DAMPING FACTOR 
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XT = 2.0 XL = 1.67 
N= 12 rows 
VELOCITY Um 
M/s 
Q-FACTOR 
0 31.6 
6.6 28.5 
. 9.0 35.6 
11.9 28.5 
14.2 31.6 
17.6 22.0 
20.9 23.8 
23.6 35.6 
26.5 40.8 
27.6 47.5 
28.3 56.9 
29.2 94.8 
INCREASED DAMPING FACTOR 
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APPENDIX 3 
EXTRACTION FROM DEN HARTOG ON GALLOPING OF 
ELECTRIC TRANSMISSION LINES 
APPENDIX 3 
The following is an extract from "Mechanical 
Vibrations" by Den Hartog (ref. D1) on the subject of 
self excited vibrations. 
GALLOPING OF ELECTRIC TRANSMISSION LINES 
In aerodynami. c work it is customary to resolve 
the total air force on an object into two components: 
a. In the direction of the wind (the drag or 
resistance D). 
b. Perpendicular to the wind (the lift L). 
These forces can be measured easily with the standard 
windtunnel apparatus. 
Let the diagram illustrated below represent a 
section moving downward in its vibrational motion so 
that the wind appears to come from below at an angle 
a= 'tan-' v/V- 
RX 
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The lif t and drag forces L and D have vertical upward 
components (i. e. components opposite to the direction 
of the motion) of L cos a and D sin a. The total 
upward damping force F of the wind is 
F=Lcosa+D sin a 
We are not interested in the f orce F itself but rather 
in dF/da, i. e. in the variation of the upward force 
with a variation in a or in v/V. Assume that F has a 
large value and that dF/da is zero. The result would 
be that part of the weight of the line would not be 
carried by the towers but by the wind directly. Any 
vibration or galloping of the line would not change the 
wind-carried weight (dF/da = 0) so that the vibration 
would not be affected. on the other hand, assume that 
dF/da is negative, which means that the upward wind 
force increases for negative a and decreases for 
positive a. Then clearly we have the case of an 
encouraging alternating force as already explained. The 
criterion for dynamic stability is 
dF 
<0 (unstable) 
dF >0 (stable) 
and 
In performing the differentiation on (3.1), it is 
to be noted that, for small vibrations, v is small with 
respect to V, so that a is a small angle of which 
the / 
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the cosine equals unity and the sine is negligible with 
respect to unity: 
dF dL 
-cas a-L sin a -a u -OL 
sin a+ 
dD) 
-i da 
'a 
dL 
+D da 
+ 
ýD 
sin a+D cos a da 
'los a (! 
2-L 
+ D) da 
Thus the system is unstable when 
dL 
+D<0 (3.2) 
The values of the lif t and drag of an arbitrary 
cross section cannot be calculated from theory but can 
be found f rom a wind-tunnel test. The results of such 
tests are usually plotted in the form of a diagram such 
as Fig. 1. In words, (3.2) states that. 
A section is dynamically unstable if the negative 
slope of the lift curve is greater than the ordinate of 
the drag curve. 
In Fig. 1 it is seen that an elongated section is 
always stable when held "along" the wind (a= 0) 
whereas it is usually unstable when held "across" the 
wind ( a= 90 deg. ). A transmission line which is being 
coated with sleet at approximately freezing 
temperature has the tendency to form icicles that are 
more or less elongated in a vertical direction, 
corresponing to a 90 deg. in the diagram. 
At this angle, for small amplitudes of vibration 
(say / 
9 
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(say varying between 89 and 91 deg. ), there is energy 
input during a cycle. This will increase the amplitude, 
and the increase will continue so long as there is an 
excess of energy furnished by the wind. At some large 
amplitude this excess of energy will become zero so 
that we have energy balance and reach the final 
amplitude. In Fig. 1 this will take place presumably at 
a varying between 30 and 150 deg., say. Near the ends 
Lift 
Drag 
4 so 140. T, loc. ' -, I 
Figure 1 Lift and drag as a tunction of the angle of 
attack for an elongated, symmetrical cross section. 
of each stroke, energy is put in; but in the middle of 
the strokel energy is destroyed by damping, since 
dL 
da 
+D is larger than zero at these places (see also Fig. 
2). The final amplitude can be found by a process of 
4raphical or numerical integration over the known 
curve of the diagram, in the manner already indicated. 
Thus far in the discussion the system has been 
assumed to be one of a single degree of freedom, which 
certainly is not the case with a span of transmission 
line, of which each point vibrates with a different 
amplitude /' 
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amplitude (large in the center of the span and small 
near the towers). Since the wind force is small in 
comparison to the elastic and inertia forces of the 
vibration, the form of the motion is the same as if the 
wind force were absent; in other words, the line 
vibrates in its first natural mode. The final amplitude 
can be determined by finding the energy input for the 
whole span. If for a certain assumed amplitude this 
energy comes out positive, the amplitude assumed was 
too small; whereas, if the energy comes out negative 
(damping), the assumed amplitude was too great. The 
determination of the energy involves a double graphical 
integration, first with respect to a for each point of 
the line and then with respect to the position x along 
the line. This process is straightforward and involves 
no difficulties, though it may require much time. 
The phenomenon discussed so far is one of very low 
frequency and large amplitude in the transmission line. 
It has been observed but rarely, where the weather 
conditions brought together sleet deposits as well as a 
lateral wind of considerable strength. There is another 
case of vibration of transmission lines characterized 
by high frequency and small amplitude which is much 
more common and for the occurrence of which only a 
lateral wind is necessary. The explanation of this 
phenomenon is found in the so-called "Karmdn vortex 
trail". 
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FIGURE 2 
A linear vibratory system with negative damping 
builds up oscillations of infinite amplitude. of 
course, this is physically impossible and in all actual 
systems the damping becomes positive again for 
sufficiently large amplitudes, thus limiting the 
motion. The actual relation between the damping 
coefficient and the amplitude varies from case to case, 
but for a general understanding it is useful to write 
down the simplest possible mathematical expression that 
will make the damping force negative for small 
amplitudes X and positive again for larger ones. Such 
an expression is 
Damping force = -(Cl - C2X2) 
The damping coefficient as a function of X is 
shown in the diagram above. It is seen that zero 
damping occurs at an amplitude x= V-c-iFc-z- 
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APPENDIX 4 
THEORY OF THE METHOD FOR INCREASING 
THE ACOUSTIC DAMPING 
APPENDIX 4 
Pr 
I 
lpi 
Holes will be bored at each 
cavity of the bank: so, to 
simplify the model, we will 
consider on one cavity only. 
S, = XSA of wall 
S2 = XSA of hole 
c= speed of sound 
P. = fluid density 
Pi= Ae3(wt - kx) 
Pr = Be3(wt + 
kx) 
pi 
Volume velocity Ui = pa C/s 
Ur = 
Pr 
P, C/s 
I 
at any point x. the P 
acoustic impedance ZU 
With both waves present Zx 
Pi + Pr 
Ui + Ur 
P. c Pi + Pr 
Sl Pi - Pr 
PC Ae -jkx + Be 
jkx 
Sl Ae-- jkx - Be jkx 
Due to requirements of continuity of pressure and volume 
velocity, there must be continuity of acoustic 
impedance 
at x=0 acoustic impedance. 
Zo =/ 
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P, c A+B ZSA-B 
a=Z, - P, C/s 
A ZO + POC/s 
If we ignore for the moment any wave which may be 
reflected from what is to be placed on the holes and 
assume only the single wave Pt exists in the hole. 
Therefore the acoustic impedance at theorigin is C/sa 
So, since we have continuity of acoustic impedancal wo 
may write: 
B PoC/S2 - PoC/Sl - 
Sl - S2 
A poc/S2 + P. C/sl Sl + S2 
which is the ratio of magnitudes between the reflected 
and transmitted wave. 
Consider a 10: 1 area ratio. 
B 10 -10.82 B-0.82A 
A 10 +1 
6=1 log I 
eX+n 
6= log 100 e 672 
0.395 
6 
2 7r 
4=0.063 
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ScullriviRy. 
This paper describes our practical experiences in the development of 
design procedures for the avoidance of vortex induced tube vibration and 
acoustic resonances in heat exchangers. It has become clear that published 
Strouhal number data forms an Inadequate basis for design with results from 
varlous sources being quite contradictory. Work carried out recently by 
the Authors' Company has shown thatj 
(I) acoustic resonances can occur in heat exchangers at gas velocities 
well removed from that predicted by the m-nasured Strouhal numbar. 
(11) the velocity for acoustic resonance appears to depend on the degree 
of acoustic damping present in the system. 
(ill) an alternative explanation offers more promise then vortex shedding 
to predict the o9currence of acoustic resonance in closely packed 
beat exchanger banks. 
(IV) conversely, tube vibration data appears to correlate well on the 
basis of a Stroubal number.. 
On this basis separate correlations are proposed for tube vibration and 
acoustic phenomena. The acoustic resonance correlation appears to be 
quite consistent with published data. While most of the published tube 
vibration data appears fairly consistcn+., there remains a need for further 
work to build up a reliable set of Strouhal nuzibers based directly on 
tube vibration measurements. 
-2- 
1. lNJTtOj)UCTrON. 
The possibility of damaging flow 
induced vibration occunIng In heat 
exchangers as a result of vortex shedding 
has long been recognised. Despite 
this, there remains a shortage of bnsio design 
data for predicting reliably 
the flow conditions at which vortex Induced resonance 
will occur. The 
Strouhal number correlations of Chen 
(1) and Fitzhugh (2) are probably the 
best available, but even they are contradictory and 
Inconsistent with 
results from elsewhere. 7bis situation 
Is Illustrated in Figure 1 for 
In line tube bankB. Plots of Strouhal number against 
longitudinal 
pitch (X,, ) are presented for 
four ranges of transverse pitch (, together 
with an 9pproximate representation of 
Fitzhugh's correlation. 
Xýta 
shown 
(o) Is "new" date not used by Fitzhugh in deriving his correlation and 
has 
been taken from refs. 3 to 6. Large soatter is evident on the experimental 
points from closely packed banks of say 
XL or XT less than 2.0. 
The discrepancies highlighted In this way appear too large to be 
explained by experimental errors, nor can they 
be explained by variations 
in Reynolds number between experiments and no systematic variation of 
Strouhal number with transverse pitch can be found within the ranges plotted. 
Thus, while the Fitzhugh chart probably represents the best summary, currently 
available, It remains unsatisfactory for design purposes. 
It is the aim of this paper first to present recent experimental results 
from the Author's Company and then to show how this may resolve some of the 
anomalies in published data. 
2. WERIMINTAL RFSULTS. 
Figures 2 and 3 illustrate the principal results of a study of the 
occurrence of acoustic resonances in a variety of model heat exchangers. 
(The results of this study are reported more fully In ref. (7)). Tests 
were carried out on a model of a coiled heat exchanger, the essential 
features of which are shown in the Chart. When exposed to an atmospheric 
air flow it was found that, as the air velocity was increased to a critical 
value, a dramatic increase In the SPL was encountered, corresponding to 
aerodynamic excitation of an acoustic mode. Measurements confirmed that 
the mode encountered was principally the first annular Bessel mode of the 
cylindrical cavity, I. e. transverse to the flow direction. When the 
length of the coil (in the flow direction) was varied, the velocity at 
which this resonance OCCUrred was found to vary considerably as shown 
in Figure 2. Thus, as the length of model exposed to gas flow was reduced 
from 80 tube rows to 40 rows, the velOcitY at which the first mode was 
encountered was found to increase by a f3otor of approximately two. As 
the row depth was further decreased, the first mode failed to be excited, 
and resonance first occurred In the second mode of the annular cavity. 
When the turbulence spectrum in the bank was examined, a sharp peak 
was iround varying linearly with gas velocity up to the point of onset of 
acoustic r-esonk-noe, varying frcxn 0.4 to 0.8 times the acoustic frequency 
at the onset OZ velocity. 
Figure 3 presents results obtained from similar tests carried out on 
a cross-inclinod bank of Straight tubes, illustrating the effect of tube 
fixity on the onset velocity. The geometry of this bard- is again 
Illustrated in Vic Chart. Two cases are pr-wtsented. In the'first case, 
with the tubes weldei into their tube plates, thn first$ secoýd and third 
modes were excited successively as the velocity was increased over ibe 
ranges shown In Figure 3. In the second case where 
the tubes were simply 
wedged Into the tube plates, the first mode 
failed to be excited, and the 
onset velocity for the second mode was slightly 
higher than In the welded 
bank. 
The significance of these results will 
be discussed further at a later. 
stage but three conclusions are quite clear 
from these results. 
(I) In the bank geometries studied, it Is not possible to characterise 
the onset of acoustic resonance by a simple Strouhal number as a 
function of array geometry since the apparent Strouhal number 
varies as a function of row depth and tube fixity. 
! rhe effective Strouhal number range over which the resonance 
occurs is quite different from the Strouhal number as determined 
from turbulence spectra. 
Under certain conditions the fundamental acoustic mode failed 
to be excited and first resonance is encountered In the second 
or higher mode. 
Finally, it may be noted that although the present results relate to 
rather speciallsed geometries (coiled and cross-inclined heat exchanger 
banks) similar results have been roted for in line banks. Specifically, 
Baj(4) note the non-equivalence of acoustic and spectral Strouhal numbers 
and Fitzpatrick (3) noted the variation of effective Strouhal number with 
the length of the test bank. 
A programme of work has also been carried out to determine the flow 
Induced tube vibration characteristics of a bank of identical pitch 
arrangement to that of Figure 3. This bank was constructed with a few 
isolated tubes along its length having carefully controlled natural 
frequency and damping (the natural frequencies of tue- remaining tubes was 
kept high such that they may effectively be considered rigid). When this 
bank was exposed to gas flow, a clear peak was again found in the 
turbulence spectrum and the value of the Strouhal number calculated 
on this basis was found to agree well with that found in the earlier work. 
When the test bank was exposed to high density gas flow (around 25 kg, /m3) 
significant amplitudes of tube vibration were encountered when the vortex 
frequency was in the vicinity of the natural frequency of the tube. 'ibis 
is Illustrated in Figure 4, comparing on a plot of frequency against 
velocity the frequencies of the turbu. 31ence peak and the velocity and 
frequency at which peak vibration responses were encountered. The 
coincidence of Strouhal numbers indicated by turbulence spectra and by 
vibration measurements is quite evident. Moreover, the Stroubal number 
was found to be constant as gas density and damping was varied over a 
wide range. 
Thus, contrary to the experience vdth acoustic resonances typified 
by Figure 2 It is concluded that vortex induced vibration can indeed cocur 
deep in a tube bank and that it is usefully characterised by means of a Strouhal number. 
DIS TUSSION. 
Figure I showed the uncertainty of Strouhal number data 
sa 
presently 
correlatpd. Figure 5 shows by comparison the corresponding plots When all data pertaining to acoustic resonances hi3 been removeds leaving only 
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Strouhal numbers obtained directly from 
tube vibration measurements or 
via measurements of turbulence spectra. 
The data comes principally 
from references 3 to 9- Since Clasen and 
Gregorig (8) quoted an upper 
critical Strouhal number corresponding 
to the velocity at which resonance 
was first detected rather than the velocity at 
Witch peak response occurred, 
the Strouhal numbers of (8) have been reduced 
by 20% in Figure 5, this 
being typically half of the range of velocity over which resonance occurs. 
On this basis, data from these various sources appears 
fairly consistent, 
although clearly sparse. Generally, a 
Strouhal number close to 0.2 appears 
to exist over a wide range of geometries, 
decreasing slightly at the lowest 
transverse and longitudinal pitches. An exception 
to this is the 
practically Important range of closely packed geometries where 
there is 
considerable scatter on the data. There remains a need 
for the development 
of a reliable set of Strouhal numbers 
based directly on tube vibration 
measurements. 
Figure 6 shows a conservative value of Strouhal number for preliminary 
design purposes based on Figure 5. Thus, over much of 
the domain of 
longitudinal and transverse pitch, a value of 0.2 appears quite appropriate, 
with a lower value of 0.15 appearing justifiable at 
the lowest longitudinal 
or transverse pitches. However, in the practically Important range of XL 
and XT less than 1.75, data remains contradictory and the only safe figure 
on present data would appear to be 0-5. This is unsatisfactory since some 
evidence suggests this may be pessimistic by a factor of 5. Again the 
need for more, reliable Strouhal number data in this range is clear. 
In section 2 the difficulty of reconciling recent experimental results 
concerning the onset of acoustic re3onanceswith a simple vortex shedding 
model was indicated and similarly any attempt to correlate data on this 
basis of Strouhal number as a function of array geometry will be Inadequate. 
In the following an alternative model of flow induced accustic resonance 
is presented which has the merit of accommodating the main features of 
experimental results and providing a basis on which data can be sensibly 
correlated. Essentially, the acoustic resonance Is considered to occur 
as a form of instability analogous In principle to the well established 
Connors Instability in the sense that It results from positive feedback 
of the vibratory motion to the exciting force. In common with most other 
dynamic Instability problems it may be shown that damping plays a crucial 
role in determining whether or not the Instability occurs. 
Considering a tube bank at the-onset of acoustic instability, there 
exists an acoustic standing wave in the cavity between tube rows, in a 
direction transverse to the flow. It appears highly plausible that the 
interaction of this standing wave with the flow around the tube could 
deflect the flow as It separates from the tube, for example by changing 
the angular position of the separation points, resulting in a transverse 
velocity fluctuation which could oppose or reinforce the local acoustic 
velocity. Now, such a transverse velocity fluctuation will be carried 
downstream, across the cavity, by the mean flow, such that at a distance 
x downstream. the local velocity will lag that at the separation point 
by a phase angle (where u Is the mean velocity through a be '21r th nk 
and f in the frequency of vibration). Figure 7 illustrates the situation. 
If a denotes the effective width of the cavity from the separation point 
to the reattachment point on the downstream tube, then clearly at small IAI values op, the effect of these velocity fluctuations is largely self 
cancelling. However, at large)Vý the velool*y fluctuations-approach an 
in-phase condition and reinforce. Its easily shown that $A-2 represents 
the threshold condition where the net effect changes fran negative to positive 
-5- 
By including a model of the flow/acoustio interaction 
hypothesis above 
In the one-dimensional wave equation, it may be shown 
that unstable feed- 
back will, In principle, occur for 
6'/1*4 -- 2 This value therefore 
represents a threshold below which acoustic instability cannot occur. 
Above this threshold, the occurrence of instability Is determined 
by the damping of the Acoustic mode In questions although clearly as 
"I'eq is increased, progressively more damping may be overcome as the 
levels of correlation and hence feedback increase as shown 
in Figure 7. 
Before proceeding to compare this prediction with experimental 
results, It remains to define the effective width of the cavity 
"a". 
Clearly, this must be more than the distance between tubes'? Iý-4but 
less than the full longitudinal pitchX L, . In the absence of any 
better information, a reasonable compromise Is which leads to 
for resonance 'Y', :! - 2. - 
(K' - 
where XL - 1XIL141 
Figure 8 compares this prediction with a considerable quantity of 
data for in-line tube banks. It may be seen that equation (1) does 
indeed represent a reasonable lower bound to the experimental data over 
11 widerange of XT. A few points lying outside this bound at high X Moreover, the theory is probably result Vom true vortex shedding. 
L 
capable of accommodating the effects of row depth and tube fixity noted 
experimentally. First, the increase in onset velocity with decreasing 
row depth may be Interpreted as being the result of the Increased 
acoustic damping which may be expected In shallow banks* Similarly, 
the effect of altering tube fixity can easily be explained in terms of 
resulting changes in acoustic damping. 7he failure of acoustic modes 
to be excited can also be accommodated within the theory since it may 
be shown that there Is a critical value of damping above which 
instability cannot occur at any velocity. 
Clearly the theory outlined above is at an early stage of development 
and more exhaustive testing and refinement must be carried out. It Is 
presented at this time because of the promise shown by this generic type 
of model In accommodating experimental results and the practical useful- 
ness of the correlation equation (1) as a preliminary design method. 
ODIICWSTONS. 
1. Existing Strouhal number correlations form an Inadequate basis 
for design of In-line heat exchanger geometries since much of 
the experimental data on which they are based appear quite 
contradictory. 
2. From our practical experience of testing model heat exchangers, 
supported by other published data, It appears that the Strouhal 
number characterising the occurrence of acoustic resonances in 
heat exchangers differs from that characterising tube vibration 
and cannot be expressed as a function of array geometry alone. 
For this reason, it appears essential to correlate separately 
vortex induced tube vibration data and the acoustic phenomena. 
3. When considered on this basis, tube vibration data appears 
fairly consistent althoueh there reninins a need for more, reliable 
Strouhal nuiber measurements bised directly on tube vibration 
measurements, particularly for closely packed banks. ," 
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4. Experimental results appear consistent with a model which considers 
the acoustic phenomena observed to result from a flow/sooustio 
instability. 
5. %bus, It is recommended that separate methods be used for 
predicting tube vibration and acoustic vibration in closely packed 
In-line tube banks. For tube vibration, a simple vortex shedding 
model appears appropriate, using the Strouhal number correlation 
shown In Figure 6. For acoustic vibration, the Instability model 
will provide a lower velocity limit that vortex shedding over a 
considerable range of geometries and Figure 
8 defines the safe 
operating range. 
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HEAT F. XCILANGE11 - FLOW INDUCIJ) VIBRATION 
41ROBLEM Row to design beat exchangers to avoid vortex induced 
vibration - published data are contradictory and incomplete. 
GEOMMY Helically coiled and straight tubed beat exchangers with 
closely pitched arrays of tubes. 
COILED or STRAIGTIT-X INCLINED 
flow flow 
Uzzz), ;. 
Duct walls II 10 . 00 
TU13E VIBRATION AND DUCT ACOUSTTC PFSONANCES SHOULD BE CONSIDERED 
SEPARATELY 
Vortex shedding drives tubes if frequencies match 
freq Vortex frequency measured by hot wires 
Tube response measured by accelerometers 
velocity 
2. Acoustic resonances occur independently of vortex 
freq 
Ranges of acoustic resonances 
3. velocity 
Vortex shedding frequencies 
0 is cavity resonant frequency / 
. 
4s Is strouhal frequency measured by hot wires 
row depth 
2. and 3. demonstrate that STROLTHAL NUMBERS deduced from acoustic 
responses are dependent on ACOUSTIC DAMPING and TUBE ROW DEPTH and 
are therefore inappropriate for generalisation. 
DESTGN REC%DIENDATIONS 
1. To avoid acoustic resonances 
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2. To deduce STROMIAL NUMBER for tube excitation 
conservative strouhal 
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